The ecology of Dicranopteris linearis on windward Mauna Loa, Hawai\u27i, USA by Russell, Ann Elizabeth
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1996
The ecology of Dicranopteris linearis on windward
Mauna Loa, Hawai'i, USA
Ann Elizabeth Russell
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Biogeochemistry Commons, Botany Commons, and the Ecology and Evolutionary
Biology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Russell, Ann Elizabeth, "The ecology of Dicranopteris linearis on windward Mauna Loa, Hawai'i, USA " (1996). Retrospective Theses
and Dissertations. 11398.
https://lib.dr.iastate.edu/rtd/11398
INFORMATION TO USERS 
This manuscript has been reproduced from the microfibn master. UM 
fihns the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may be 
from any type of computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality 
illustrations and photographs, print bleedthrough, substandard margins, 
and improper alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UM a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 
the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overiaps. Each 
original is also photographed in one exposure and is included in reduced 
form at the back of the book. 
Photographs included in the ori^ al manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 
photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UM directly to 
order. 
UMI 
4 T»_11 Ol TT 11 rv JDCJLI OL. XIUWCU Xiuuiuiauuil 
300 North Zeeb Road, Ann Aitoor MI 48106-1346 USA 
313/761-4700 800/521-0600 

The ecology of Dicranopteris linearis 
on windward Mauna Loa, Hawai'i, USA 
by 
Ann Elizabeth Russell 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Department: Botany 
Interdepartmental Major: Ecology and Evolutionary Biology 
Major Professors: Donald R. Farrar and Thomas W. Jurik 
Iowa State University 
Ames, Iowa 
1996 
Copyright © Ann Elizabeth Russell. 1996. All rights reserved. 
UMI Number: 9635348 
Copyright 1996 by 
Russellf Ann Elizabeth 
All rights reserved. 
UMI Microform 9635348 
Copyright 1996, by UMI Company. All rights reserved. 
This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 
UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 
ii 
Graduate College 
Iowa State University 
This is to certify that the doctoral dissertation of 
Ann Elizabeth Russell 
has met the dissertation requirements of Iowa State University 
Co-major Kdfessor 
Co-major Professor 
For the Interdepartmental Major 
ror th Majo Department 
For the Graduate College 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
iii 
TABLE OF CONTENTS 
Page 
GENERAL INTRODUCTION 1 
Dissertation Organization 2 
CHAPTER 1. THE ECOLOGY OF DICRANOPTERIS LINEARIS ON 
WINDWARD MAUNA LOA, HAWAIT, USA 3 
Abstract 3 
INTRODUCTION 6 
Niche and Growth Form 8 
Niche 8 
Growth form 10 
Leaf-, Whole-Plant-, and Population-Level Characteristics 12 
Community- and Ecosystem-Level Consequences 13 
Overview 13 
METHODS 14 
Study Sites 14 
Leaf-Level Characteristics 20 
Gas exchange traits 20 
Leaf mass per area (LMA) and stomatal density 25 
Whole-Plant-Level Characteristics 26 
Plant architecture 26 
iv 
Biomass, height, and nutrient concentrations 27 
Leaf area index (LAI) 28 
Nutrient resorption 29 
Leaf phenology and demography 31 
Community-Level Effects 33 
Effects on the Metrosideros overstory 34 
Effects on the understory and soil 35 
Ecosystem-Level Effects 37 
Organic matter cycling 37 
Nutrient uptake 39 
Data Analysis 40 
Observational and analytical studies 40 
Controlled experimentation 42 
RESULTS 43 
Leaf-Level Characteristics 43 
Gas exchange traits 43 
Leaf mass per area (LMA) and stomatal density 53 
Whole-Plant-Level Characteristics 53 
Plant architecture 53 
Biomass, height, and nutrient concentrations 56 
Leaf area index (LAI) 63 
V 
Leaf phenology and demography 63 
Community-Level Effects 68 
Effects on the Metrosideros overstory 68 
Effects on the understory and soil 68 
Ecosystem-Level Effects 74 
Aboveground net primary productivity (ANPP) and decay rates... 74 
Nutrient uptake 78 
DISCUSSION 78 
Niche and Growth Form 78 
Functional Attributes of the Species 85 
Leaf-level attributes 85 
Biomass and nutrients 87 
Morphology and allocation patterns 88 
Leaf demography 89 
Nutrient resorption and use efficiency 90 
Community-Level Effects of the Species 92 
Ecosystem-Level Effects of the Species 93 
Organic matter cycling 93 
Nutrient cycling 95 
Synthesis 98 
Key attributes of a dominant species 98 
vi 
Dicranopteris' role in Hawaiian rainforests 100 
ACKNOWLEDGMENTS 102 
LITERATURE CITED 103 
APPENDIX 1 109 
APPENDIX II Ill 
CHAPTER 2. DECOMPOSITION AND POTENTIAL NITROGEN 
FIXATION IN DICRANOPTERIS LINEARIS LITTER ON 
MAUNA LOA, HAWAI'I, USA 112 
Abstract 112 
INTRODUCTION 113 
METHODS 114 
Study Sites 114 
Decomposition 116 
Field and laboratory 116 
Data analysis 120 
Potential Nitrogen Fixation 121 
RESULTS 124 
Decomposition 124 
Nutrient Immobilization and Net Release 129 
Potential Nitrogen Fixation 132 
DISCUSSION ; 135 
vii 
Substrate Quality 135 
Site effects 136 
Nutrient Immobilization and Net Release 137 
Comparisons with Metrosideros 138 
Potential Nitrogen Fixation 139 
Ecosystem-level Consequences 142 
ACKNOWLEDGMENTS 142 
LITERATURE CITED 143 
CHAPTER 3. THE INTERPLAY OF SEXUAL AND VEGETATIVE 
REPRODUCTION IN DETERMINING GENETIC DIVERSITY 
IN DICRANOPTERIS LINEARIS CLONES ON MAUNA LOA, 
HAWAI'I, USA 147 
Abstract 147 
INTRODUCTION 148 
METHODS 152 
Study Sites and Field Methods 152 
Electrophoretic Procedures 156 
RESULTS 157 
DISCUSSION 162 
Evaluation of the Method 162 
Number of Clones per Site 164 
Genotypic Diversity 164 
viii 
Phenotypic Plasticity 166 
Colonization of a Site 166 
Conclusions 170 
ACKNOWLEDGMENTS 172 
LITERATURE CITED 172 
GENERAL SUMMARY 176 
Attributes of a Dominant Species 176 
The Role of Dicranopteris in Hawaiian Rainforests 177 
Overall Significance 178 
Literatvire Cited 179 
ACKNOWLEDGMENTS 180 
1 
GENERAL INTRODUCTION 
Dicranopteris linearis (N. L. Burm.) Underw. (Gleicheniaceae) is one of the most 
wide-ranging fern species in the Old World tropics and Polynesia. Although this species 
dominates vast areas of the understories of wet Hawaiian rainforests, very little is known 
about this native species' impacts on the rest of the plant commimity, its contribution to 
ecosystem-level processes such as organic matter and nutrient cycling, or the underlying 
mechanisms that explain its distribution patterns with respect to environmental conditions. 
In addition, the interplay of sexual and vegetative reproduction and their relative 
importance in the colonization of primary successional sites have not been investigated in 
this clonal species. These topics are highly relevant in light of the relatively recent 
introductions by humans of non-native, invasive plant species into previously unique 
Hawaiian ecosystems. At this point in history, it is important to examine the role of a 
single, dominant, native species so that we might better understand how, and by what 
mechanisms, a single species influences some of the last, relatively undisturbed Hawaiian 
rainforests. Therefore, one objective of this research was to determine the relative 
importance of Dicranopteris linearis in intact, natural rainforest ecosystems on windward 
Mauna Loa, Hawai'i, in terms of its impacts on community-level processes such as 
regeneration, and also its contribution to ecosystem-level processes such as organic matter 
and nutrient cycling. The second objective was to determine the fiinctional attributes of the 
species and how they relate to its natural distribution under different environmental 
conditions and how the attributes contribute to the species' ability to dominate a site. 
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Finally, the last objective was to determine how clone size varied over different 
environmental conditions and to evaluate the relative importance of vegetative and sexual 
reproduction in the initial colonization of a site by this species. 
Dissertation Organization 
Three journal manuscripts are included in this dissertation, followed by a general 
conclusion. Each chapter represents a paper that will be submtted to the indicated journal. 
Chapter 1 addresses the first two objectives and covers the description of the 
species in terms of its potential niche, growth form, and functional attributes over a broad 
elevational range on primary successional substrates on windward Mauna Loa, Hawai'i. 
The species' functional attributes are compared with those of its co-dominants over the 
range of sites. The community- and ecosystem-level consequences of the fern's leaf-, 
whole-plant- and population-level attributes are then examined and related to the first two 
objectives. In Chapter 1, the ecosystem-level consequences examined include the fern's 
contribution to aboveground net primary productivity (ANPP) and nutrient uptake. 
In Chapter 2, the first two objectives are completed by examining ecosystem-level 
effects of Dicranopteris in terms of its effects on organic matter and nutrient cycling via its 
decomposition characteristics and potential nitrogen inputs from asymbiotic nitrogen 
fixation. 
In Chapter 3, the interplay of sexual and vegetative reproduction in this clonal 
species is investigated through the use of isozyme analysis. 
J 
CHAPTER 1. THE ECOLOGY OF DICRANOPTERIS LINEARIS ON WINDWARD 
MAUNA LOA, HAWAFI, USA 
A paper to be submitted to Ecological Monographs 
Ann E. Russell, James W. Raich, and Peter M. Vitousek 
Abstract 
Dicranopteris linearis (Gleicheniaceae), a climbing, mat-forming fern, dominates 
>42,000 ha of the understories of Hawaiian rainforests. Our first main objective was to 
determine the relative importance of this native species in intact, natural rainforest 
ecosystems on windward Mauna Loa, Hawai'i, in terms of its impacts on community-level 
processes such as regeneration, and also its contribution to ecosystem-level organic matter 
production and nutrient uptake. The second goal was to determine the functional attributes 
of the species and how they relate to its natural distribution under different environmental 
conditions and how the attributes contribute to the species' ability to dominate a site. Our 
approach to addressing these objectives was threefold. First, we sought to describe the 
species in terms of its potential niche and its growth form. Second, we described how the 
species fimctioned over its broad elevational range, from 290 to 1660 m elevation on 
primary successional substrates of two different ages, 136 and -3400 years old, on 
windward Mauna Loa. We compared the species' fimctional attributes with those of its co-
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dominants over the range of sites. Finally, we investigated the community- and ecosystem-
level consequences of the fern's leaf-, whole-plant- and population-level attributes. 
Dicranopteris' growth form is characterized by indeterminate rhizomatous growth, 
indeterminate and dichotomously branching leaf growth, highly plastic morphology, mat-
formation, shallow rootedness, and marcescent leaves, i.e., lack of abscision upon death. 
This species has low net assimilation rates that, in general, are equal to or lower than the 
rates of its codominants. Photosynthetic light-response characteristics ofPicranopteris 
indicate that it is shade intolerant. The lifespan of most Dicranopteris leaf segments is 
short, <1 year, compared to the leaves of the overstory dominant, Metrosideros 
polvmorpha. Nitrogen use efficiency (NUE) in Dicranopteris is very high, similar to most 
of its co-dominants; however, its extremely high phosphorus use efficiency (PUE) is higher 
than that of its codominants. The combination of these characteristics resuhs in a species 
that is uniquely well-suited for and highly competitive in colonizing sites characterized by 
an open canopy, low soil fertility, and intermittently waterlogged soils. These attributes are 
typical of the early successional and post-die-back sites on the pahoehoe and a'a lava 
substrates of windward Mauna Loa where Dicranopteris dominates tlie understory. 
Dicranopteris is not found on sites higher in soil fertility such as those underlain by tephra; 
these sites support close-canopied forests where Dicranopteris is eliminated, presumably as 
a result of its shade intolerance. 
Dicranopteris plays an important role in ecosystem-level processes that is 
disproportionate to its mass. This single species contributes up to 74% of the aboveground 
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net primary productivity (ANPP) whereas it contains only 0 to 14% of the mass. This 
species accounts for as much as 57% and 47% of the nitrogen and phosphorus uptake, 
respectively, while it contains only up to 24% and 13% of the respective masses of the two 
elements. Dicranopteris competes with Metrosideros, the overstory tree, as evidenced by 
increased relative growth in the tree once Dicranopteris is removed. Removal of the fern 
appeared to have no effect on the initial stages of tree regeneration on the young 
successional site investigated. However, in post-dieback sites where the fern's leaf area 
index (LAI) of live and marcescent leaves combined reaches a mean of nine, the fern must 
influence regeneration by affecting light regimes at the soil surface. No seedlings were 
found at a post-dieback site in the ten 1-m quadrats used in the ANPP study. Three years 
after excluding Dicranopteris on a young-flow site at 290 m, 43% of the understory area 
was still bare soil or litter. We hypothesize that Dicranopteris may be the only native 
species that is so uniquely well-suited for colonizing and spreading vegetatively under the 
relatively harsh environmental conditions present on yoimg successional sites on pahoehoe 
lava. Non-native species are the most likely candidates for filling the void lefl; when 
Dicranopteris is absent. Although Dicranopteris competes with Metrosideros. the two 
species have done so for at least 18,000 years, and presumably, are adapted for 
competition. Given Dicranopteris' low nutrient demands and low storage of nutrients in its 
biomass relative to many species, Metrosideros stands to fare worse from competition with 
exotic species. Therefore, Dicranopteris' most important role may be that of resisting the 
invasion of exotic species into the last of the unique Hawaiian rainforest ecosystems. 
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"Thoughts during the night in the rain forest of Brazil: 
...A personal obsession: Why do some plants and animals become dominant, while 
others remain rare?" E. O. Wilson (1992) 
"While you may appreciate its attractiveness and value as a hardy colonizer of fresh 
mudslides and ridges, FDicranopteris linearis'] compact thickets may be so 
fatiguing and frustrating that negative emotions quickly surface. Some people spill 
them out in a barrage of unmentionable language..." (Kepler 1983). 
INTRODUCTION 
Typically, ferns are considered to be primitive, diminutive species that comprise a 
relatively small proportion of the understory cover and forest biomass. In contrast, in wet 
Hawaiian rain forests, ferns are a conspicuous feature of the understory and can contribute 
substantially to total biomass (Mueller-Dombois et al. 1984). One species in particular, the 
climbing fem Dicranopteris linearis (N. L. Burm.) Underw. (Gleicheniaceae), with the 
common names false staghom or uluhe fem, can form dense, extensive thickets perched ~1 
m above ground level. With notable exceptions (Gliessman 1978, Horsley 1993, Vitousek 
et al. 1995, Walker 1994), ferns have been considered to have little, if any, impact on 
community- and ecosystem-level dynamics. However, in some primary successional sites 
on Maima Loa, Hawaii, Dicranopteris is a major contributor to aboveground net primary 
productivity (ANPP) (Raich et al. in press). 
Because Dicranopteris vegetates vast areas of wet and mesic Hawaiian rain forests, 
our goal was to address two main questions. First, what is the role, or relative importance, 
of this native species in Hawaiian rain forests? That is, what is this fern's contribution to 
ecosystem-level processes such as organic matter and nutrient cycling? How important is 
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this species in terms of its effects on tree growth and regeneration and on species 
composition in the understory? Our second objective was to address a broader ecological 
question: Why is this species so widespread and dominant in the understories of many 
rainforests on Mauna Loa? In other words, how does this species function and how do its 
functional attributes relate to its natural distribution under different environmental 
conditions? Which attributes of the species appear to contribute most to its ability to 
dominate a site? At which level of plant organization do these attributes arise and how are 
they integrated across hierarchical levels? The study of this particular species over a broad 
range of well-defined environmental conditions in Hawai'i presented us with a rare 
research opportunity in which it was possible to address these questions. 
Our basic approach to answering these two main questions involved three broad 
objectives. First, we sought to describe the species in terms of its fundamental niche and 
growth form. Second, we described how the fern functioned by determining its leaf, 
whole-plant, and population-level characteristics and dynamics. Finally, we determined 
the consequences of the first two sets of results by measuring the community- and 
ecosystem-level effects of the fern. We studied numerous attributes ofPicranopteris in 
intact, relatively undisturbed forests across a broad range of hierarchical levels: the leaf, 
whole-plant, population, community and ecosystem level. Following the general 
suggestion of Komer (1991), we compared Dicranopteris' characteristics in several ways. 
We compared attributes within the species across a broad elevational range and in forests 
of at least two different substrate ages. We compared many ofPicranopteris' 
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characteristics with those of the co-dominant species, mainly the overstory dominant tree, 
Metrosideros polvmorpha. and the treefem, Cibotium glaucum. across a range of 
environmental conditions. Finally, we compared various attributes of forests with and 
without understories dominated by Dicranopteris. We determined the effect of 
Dicranopteris on the forest overstory and understory by removing the fern and measuring 
the effects of removal. In wet Hawaiian forests, either Dicranopteris or tree-ferns of the 
genus Cibotium tend to dominate the understory. Therefore, we sought to elucidate the 
underlying mechanisms that determine their relative distribution patterns by comparing 
certain attributes of the two species and the forests that they dominate. 
Niche and Growth Form 
Niche 
Dicranopteris linearis is one of the most widely distributed ferns throughout wetter 
parts of the Old World tropics and subtropics (Holttum 1959, Page 1979), including all of 
Polynesia. It occurs from sea level up to 2250 m, but is most common at low to mid-
elevations (Holttum 1959). Throughout its range, this species is light-demanding, and 
tolerant of soils with impeded drainage and/or low fertility, especially with respect to 
phosphorus (Beadle 1954, Brown et al. 1995, Coaldrake and Haycock 1958, Holttum 1938, 
Holttum 1959, Kochummen 1977, Page 1979, Webb 1969). This sun-fern is often a 
pioneer species, capable of becoming established on bare rock, and thin, nutrient-poor soils 
of mountain ridges, precipices, landslides, and taluses. This species prevents erosion on 
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Steep slopes where few other species can become established. Once established, these fern 
thickets are known to persist for a long time if advanced tree regeneration has not occurred 
prior to thicket formation (Holttum 1959). If the thickets are overtopped by trees, the fem 
is eventually shaded out unless the fem climbs trees (Holttum 1959, Kochummen 1977). 
D. pectinatus. distributed throughout wetter parts of the New World tropics, colonizes 
similar habitats (Walker 1994). 
In the State of Hawai'i, D. linearis is an indigenous species (Degener 1940) and 
often an important understory component of native, undisturbed plant communities at 
elevations ranging from sea-level to 1700 m where mean annual rainfall exceeds -2000 
mm. It colonizes relatively harsh environments in both primary successional sites such as 
recently deposited lava flows (Atkinson 1970) and secondary successional sites such as 
landslides (Scott 1969, Kepler 1983). Because D. linearis is such a dominant species, its 
presence was noted as part of the intensive vegetation mapping of Hawai'i during the U.S. 
Fish and Wildlife Vegetation Survey of 1976-1981 (Jacobi 1989). With Jacobi's assistance 
(pers. comm.) in summarizing the 42,000 ha mapped on the island of Hawai'i as containing 
Dicranopteris, we found that this species' most common habitat was open-canopy (25-60% 
cover), wet forests with tree heights >10 m and a native shrub understory. However, the 
species occupied a broad range of sites, including mesic sites and every possible type of 
canopy coverage (Appendix I). On the island of Hawai'i, Dicranopteris is most abundant 
on pahoehoe and a'a lava substrates in early primary successional stages, and again late in 
succession in old, post-dieback sites where soil drainage is impeded. The species is 
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uncommon in forests underlain by tephra substrates. This fern is never found in the dry 
species association class of vegetation (Appendix I). Dicranopteris is especially prolific at 
an elevation of-700 m, coinciding with the maximum rainfall areas of Hawai'i. 
In Hawai'i, Dicranopteris thickets provide habitat for numerous endemic and 
indigenous organisms, notably the endangered Newell's shearwater, and the predaceous 
caterpillar, Eupithecia orichloris. 
Growlli form 
Several important growth-form features of D. linearis make it especially well-suited 
for covering vast expanses of landscape. 
Vegetative grovyth. This species has a clonal growth habit, extending horizontally 
by means of shallowly rooted, dichotomously branching, indeterminate rhizomes (Plate 1). 
Its aboveground mass, technically all leaf tissue, is indeterminate in growth as well. After 
the first leaf segment (sensu Lellinger pers. comm.) is formed, its lateral segments can 
branch dichotomously an indeterminate number of times while the terminal fiddlehead 
rests. Eventually the dormant fiddlehead can expand, forming additional leaf segments. 
The entire process can be repeated, adding numerous segments to the main leaf rachis and 
side branches. We found that if the fern uses a tree for support, the entire leaf can attain a 
height of 10 m. Otherwise, this fern attains a critical height and falls over due to 
insufficient support. In the inside angle of every fork where it branches dichotomously, a 
dormant fiddlehead is formed. Each of these fiddleheads has the potential to become 
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Expanding 
Fiddleheads 
fiddlehead 
nmary segment 
soil surface 
fiddlehead 
0-5 cm < 
^ rhizome 
root' 
Plate 1. a) Life stages and potential morphology of Dicranopteris linearis. Life stages, as 
described in the text, are indicated in the indeterminately growing aboveground 
tissues. All aboveground tissue is technically leaf tissue. However, leaf rachises 
function as stems and, thus, are referred to as "stems". "Leaf' tissue refers to the 
blade portion only. Potentially, a dormant fiddlehead formed in the angle between 
every dichotomous branch has the potential to expand. The lowest morphological 
unit of accounting for the aboveground tissue is the "leaf segmenf' which is 
defined as all of the determinate products of a single fiddlehead. The "primary 
segment" is defined as the first or primary leaf segment arising fi-om the rhizome. 
b) In the enlargement, single leaf segments are comprised of the tissue represented 
by solid lines. 
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active and grow indeterminately. This pseudodichotomous branching and indeterminate 
growth form gives the species the potential to blanket an area with one to several layers of 
live leaves and to create a dense meshwork of fallen fronds. 
Marcescent leaves. As new leaf segments are formed, the older leaf blades on 
lower leaf segments are marcescent, i.e., no abscission occurs as they senesce. As a result, 
the attached dead leaf segments can form a dense layer up to 3 m thick of "shadecloth" 
beneath the top layer of live leaf segments. Clearly, this trait gives the species a great 
potential to impact forest floor light regimes and influence regeneration of other species. 
Leaf-, Whole-Plant, and Population-Level Characteristics 
To compare how Dicranopteris flmctions in relation to its environment and relative 
to its co-dominants, we described Dicranopteris' leaf, whole-plant-, and population-level 
characteristics over its elevational range on Mauna Loa and compared them with those of 
the other co-dominants on sites differing in elevation, substrate age and soil nutrients. To 
determine whether Dicranopteris is restricted to low-soil-fertility sites simply because it is 
unable to respond to nutrient additons, we conducted an in situ fertilization experiment. At 
the leaf-level, we examined leaf mass per area (LMA), stomatal density, and gas exchange 
characteristics such as light response, "dark" respiration, maximum net assimilation, night­
time respiration, stomatal resistance, maximal conductance for CO2, transpiration, and 
water use efficiency (WUE). At the whole-plant level we studied its architectural 
plasticity, biomass, allocation patterns, leaf area index (LAI), height, nutrient 
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concentrations and resorption of nutrients. At the population level, we examined its 
phenology and leaf demography. 
Commimity- and Ecosystem-Level Consequences 
To assess community-level effects of Dicranopteris. we conducted a manipulative 
experiment in which we examined the effect of fern removal on the overstory, understory, 
and soil. We measured tree growth and foliar nutrient concentrations; understory foliar 
nutrient concentrations and % cover; seedling demography; and soil C, N, and temperature 
in plots with and without the fern. To investigate ecosystem-level effects, we measured 
aboveground net primary productivity (ANPP) and nutrient uptake and compared these 
processes in Dicranopteris with those of the remaining species in natural forests. 
Overview 
In Hawaii, many view Dicranopteris as a weedy species that is difficuh to extirpate 
(Degener 1975). To the contrary, however, this shallowly rooted fern cannot withstand any 
damage to its roots; thus, people can and do eradicate it easily and find difficulty in 
propagating it artificially. Despite it appearance, Dicranopteris is not invincible; it is 
neither particularly drought- nor cold-tolerant and, with its clonal growth form, it is 
susceptible to dieback over large areas. Although this nearly universally detested fem is by 
no means endangered, human-induced disturbances have eliminated large areas of it in 
lowland Hawai'i (L. Pratt pers. comm.). Before the advent of numerous human-introduced 
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exotic species, Dicranopteris would simply have revegetated an area by means of 
germinating spores or rhizomes creeping in from the forest edges, as it has done for at least 
18,000 years, as determined from paleoecological studies (Hotchkiss, pers. comm.). 
Especially in lowland Hawaii, this may no longer be an option as human-introduced 
species capture the site first, perhaps changing forever the ways in which native Hawaiian 
rainforest ecosystems frinction. 
METHODS 
Study Sites 
The six main study sites were located on the island of Hawai'i along the windward 
(east) flanks of Mauna Loa Volcano at 19°20' N, 155°40 W. The study site substrates were 
relatively homogeneous and of known age and chemical composition. On Mauna Loa 
volcano, the surface lava flows, some of which extend from treeline to the sea, have been 
dated and mapped (Lockwood et al. 1988). In 1990 we established permanent 50 x 100 m 
plots in six sites at four elevations. One site at each of four elevations, 290,700,1130 and 
1660 m, was situated on young, 110- and 136-yr-old, lava flows. At two elevations, 700 
and 1660 m, a site was established on the old 3400-yr-old lava flow adjacent to the young 
flow (Table 1). The old-flow site at 700 m had obviously undergone overstory dieback at 
least once at some unknown time, as evidenced by the open canopy, standing dead trees, 
and fallen logs (Plate 2). Dieback is a well-documented phenomenon in Hawai'i whereby 
Table 1. Study site descriptions and types of studies on Hawai'i. All substrate types are pahoehoe lava except the "Ash / 
760" site, which is underlain by Pahala ash, and the Kilauea / 1190 site, which is underlain by tephra. 
Measurements were taken in winter (W), in summer (S) and on an armual basis (A). The sites sampled for ANPP 
were sampled also for biomass, LAI, foliar N and P, leaf demography and nutrient uptake. 
Site Name Substrate Elevation Fertilizer 
Age 
Types of measurements 
(yr) (m) Gas exchange Under- Stomatal LMA ANPP 
Light Pmax story density 
response D. linearis Other PAR 
Young/ 90 110 90 W w w w 
Young / 290 110 290 W, S w w w, s A 
Young / 700 136 700 S w,s w w w, s A 
Young/ 1130 136 1130 S W, S w w w, s A 
Young/ 1130 136 1130 N w w, s 
Young/ 1130 136 1130 P w w, s 
Young/ 1130 136 1130 N & P  S w w,s 
Young / 1500 136 1500 w, s w w w,s 
Young/1660 136 1660 w w w A 
Old / 700 3400 700 w w w w A 
Old /1660 3400 1660 w w w w A 
Ash / 760 >5000 760 w 
Old / 1660/Edge 3400 1660 w 
Kilauea /1190 290 1190 S 
16 
Plate 2. Landscape view of the 3400-year-old site on pahoehoe lava at 700 m on windward 
Mauna Loa, Hawai'i, USA. 
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the entire overstory of Metrosideros dies over a period of a few years (Mueller-Dombois 
1985). 
Lava chemistry differs very little within and among flows on these sites (Wright 
1971, Wright and Helz 1987). The basaltic substrate is pahoehoe, or porous, ropy-textured 
lava. Soils on the study sites are Histosols, classified as Lithic tropofolists (Sato et al. 
1973). To summarize Raich et al.'s (in press) description, these mucky, peaty soils have 
tremendous water-holding capacity, with gravimetric water contents often in excess of 
500%. The soils are acidic, with pH ranging from 4.7-5.1. Soil depths on the Mauna Loa 
sites range from <1 to 8 cm on the young flows and from 15 to 22 cm on the old flow. 
During periods of high rainfall, standing water can exist at these sites. All of these main 
sites are dominated in the understory by Dicranopteris vdth the exception of the young flow 
at 1660 m where the fern is sparse at its upper elevational limit. These sites are relatively 
undisturbed, with little sign of human disturbance and low feral pig (Sus scrofa) activity. 
Additional studv sites were selected to round out sampling in four specific studies 
(Table 1). 1) Two sites, at 90 m and 1500 m on the Mauna Loa young-flow elevational 
gradient, were added to facilitate measuring gas exchange characteristics across a broader 
elevational range. 
2) Two sites, at 700 and 1660 m were added to compare the understory light 
environment in Dicranopteris- and Cibotium-dominated forests. We measured 
photosynthetically active radiation (PAR) incident to the top of the understory 
simultaneously in these two types of forests at the same elevation on Mauna Loa. This was 
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carried out at two elevations, ~700 and 1660 m, on three sunny winter days each at both 
elevations. At both elevations, the Dicranopteris-dominated site was in close proximity to 
the Cibotium-dominated site and located on the 3400-yr-old flow, the "Old / 700" and 
"Old /1660" sites of Table 1. At 760 m, the Cibotium-dominated site was the "Ash / 760 
site", underlain by a fine tephra known as Pahala ash, >5000 yr old (Lockwood et al. 1988). 
At 1660 m the Cibotium-dominated site, the Old /1660 /Edge site, was situated at the edge 
of the 3400-yr-old flow. An 8-m-long transect was randomly selected in each of the 
forests described in part 2 of the preceding paragraph, twelve Licor 190SB quantum 
sensors were installed atop PVC pipes at 2 m aboveground and at equal intervals, every 
0.66 m, along the transect. A new location for the transect in each of the forests was 
randomly selected each day. Data were recorded every 5 min over a 24-h period using a 
21X Micrologger (Campbell Scientific, Inc., Logan, UT). Measurements were taken 
between 29 December 1993 and 11 January 1994. 
3) To compare light response characteristics ofDicranopteris in open- and closed-
canopy forests, we sampled a site on Kilauea Volcano. At the closed-canopy Kilauea site, a 
30-40 cm thick layer of coarse tephra deposited in 1790 overlies the pahoehoe (Holcomb 
1987). 
Finally, to examine the effects of fertilizer addition on various leaf- and whole-
plant-level characteristics ofDicranopteris, fertilization study plots were prepared as 
described by Raich et al. (1996). These 10 x 10-m plots had been established in 1991 in 
four blocks on the 136-yr-old flow at the 1130 m elevation. Their experiment used a 
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complete randomized block design for a 2^ factorial experiment involving addition of N, P 
and T (all other essential plant nutrients). For this study, measurements were conducted 
mainly in the N, P, N+P, and control (no fertilizer) treatment plots. As described in Raich 
et al. (1996), N had been applied as equal parts of ammonium nitrate and urea. P had been 
applied in the form of triple super phosphate [(Ca(H2P04)2, monocalcium phosphate]. 
Fertilizers were applied at an initial rate of 100 kg/ha and at subsequent rates of 50 kg/ha 
twice a year for the duration of the study. 
Climate. Mean rainfall ranges from 2500-6000 nrni/yr along the elevational 
gradient. Mean annual temperature ranges from 23.6-13.1°C along the elevational gradient 
from 10 m-1640 m on Mauna Loa; Juvik and Nullet (1994) calculated an adiabatic lapse 
rate of 6.4°C per 1000-m increase in elevation. The following summarizes Juvik and 
Nullet's (1994) findings. The trade winds create gentle windspeeds of <2 m/sec along the 
gradient. All sites are situated beneath the inversion layer. Cloud water and dew increase 
in importance as a moisture source with increasing elevation, hi this study, rainfall was 
maximum at 700 m, and corresponded with maximum attentuation of solar radiation. At 
700 m, rainfall exceeded evaporation except for one month, January 1993, during an 
unusual drought. 
Flora. The Hawaiian Islands are situated ~ 4000 km from the nearest continent. As 
a result of this extreme isolation the flora is species depauperate for the tropics; excluding 
exotic species, the total Hawaiian flora is comprised of 1182 species of vascular plants 
(Wagner et al. 1990). Our 0.5-ha sites contained only 20-35 vascular plant species. On 
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our six main study sites, 5-6 species accounted for 90% of tlie biomass (Raich et al. in 
press). Study-site overstories are dominated by a single tree species: Metrosideros 
polvmorpha Gaud. (Myrtaceae). Acacia koa A. Gray (Fabaceae), a nitrogen-fixing tree, is 
present on old-flow sites only. In addition to Dicranopteris. common imderstory species 
include: Machaerina angustifolia (Gaud.) T. Koyama (Cyperaceae), Cibotium glaucum 
(Sm.) Hook. & Amott (Cyatheaceae), Palhinhaea cemua (L.) Franco & Carv. Vase. 
(Lycopodiaceae), Arundina graminifolia (D. Don) Hochr. (Orchidaceae), Sadleria 
cvatheoides Kaulf, and S. pallida H. & A. (Blechnaceae), Andropogon virginicus L. 
(Poaceae), Vaccinium reticulatum Sm. (Ericaceae) and Coprosma emodioides A. Gray 
(Rubiaceae). 
Leaf-Level Characteristics 
Gas exchange traits 
In situ gas exchange was measured in studies of light response and maximum net 
assimilation rates (Pmax) under a wide range of natural conditions. The studies were 
designed to address two broad categories of questions. First, are light response 
chai'acteristics of Dicranopteris the basis for its shade intolerance? Is an inability to 
respond to nutrient additions in terms of its light response characteristics the basis for the 
species' typical absence on fertile soils? To address these questions, we measured light 
response in Dicranopteris. Cibotium glaucum, and Metrosideros in two types of light 
environment: an open-canopied, high-light, yovmg-flow site; and a small gap in a closed-
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canopied forest, the shadiest type of environment in which Dicranopteris occurs. We 
measured Hght response in the three species also in the open-canopied fertilizer plots that 
had received inputs of N and P for >2 yr. Second, do other gas exchange characteristics 
provide the mechanistic basis for explaining any of the following characteristics of 
Dicranopteris: its relatively high productivity; its trend of decreasing ANPP with 
increasing elevation noted by Raich et al. (in press); its restriction to mesic and wet sites; 
and its distribution on low fertility soils? To address these questions we measured gas 
exchange characteristics in Dicranopteris along an elevational gradient ranging from 90-
1660 m, on young and old substrates, and in fertilizer addition plots. We measured gas 
exchange variables in seven other dominant species where they occurred along the 
elevational gradient. In Dicranopteris we measured leaf characteristics such as leaf mass 
per area (LMA) and stomatal density along the gradient as well. 
Light response curves. We measured net assimilation rates over a range of light 
levels and "dark" respiration at three sites (Table 1) for Dicranopteris. Cibotium. and 
Metrosideros. Two sites were on the young-flow site at 1130 m on Mauna Loa, with and 
without N and P additions and the third site was a gap in the closed-canopy 1190-m site on 
Kilauea. 
For this work, we used a portable ADC LCA-II assimilation-transpiration 
measurement system, ASUM mass flowmeter and Parkinson broad-leaf chamber 
(Analytical Development Co., Hoddesdon, UK). The Parkinson leaf chamber had been 
modified so that the light sensor was situated adjacent to the chamber opening. The 
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radiation shield contained an infrared-reflective coating (Optical Laboratory, Inc., Santa 
Rosa, CA). This open-flow, differential infi'ared gas analysis system was used under 
ambient conditions of CO2, humidity and temperatxire. A BCC-52 computer-controller 
(Micromint, Inc.) with a Tandy 100 computer was used for data recording and real-time 
display of net assimilation and transpiration rates and environmental parameters. The 
ADC-LCAII was calibrated in Ames, lA with a cylinder of known mixing ratio at 20°C. 
Measurements of net CO2 exchange rates were later corrected for differences in pressure 
due to altitude along the elevational gradient as follows: 
Actual CO2 = ADC-LCAII CO2 x Sample T + 273 x Calib. Pressure (mb) 
(ppm vol) Calib. T + 273 Sample Pressure (mb) 
Atmospheric pressures corresponding to the various altitudes were derived using table 
values (LICOR-1600 manual, LICOR, Inc.). Reference air was sampled from >4 m 
aboveground. Over the course of the studies, ambient CO2 levels ranged from 340 to 380 
|j,L/L. Leaf temperature was monitored using a thermocouple (0.13 mm wire) mounted in 
the gas exchange chamber. Net assimilation rate was computed using the mass flow rate 
and the difference in CO2 content between the reference and leaf-chamber airstream (Long 
and Hallgren 1985). 
Light values were based on light reaching the inside of the chamber, based on the 
calibrations of the external sensor against a LICOR 190SB quantum sensor situated inside 
the chamber. Sunlight was our light source. Photon flux densities less than full sunlight 
were achieved by covering the leaf chamber vnth varying thicknesses of cheesecloth and 
by taking advantage of fortuitous clouds. Measurements were taken in the summer of 1993 
at 4-12 light levels per leaf on 2-9 leaves in each of three sites over 1-2 days per site for 
Dicranopteris. Cibotium glaucum. and Metrosideros. For Metrosideros, we sampled at 
least three trees per site. Measurements were usually taken no earlier than 0930 to avoid 
problems with excessive water condensation on pubescent leaves and no later than 1300 
because these species routinely close their stomata at ~1400. Leaves of all species were 
sampled at the same developmental stage: newly fully expanded. 
We described the rate of gross photosynthesis, net photosynthesis rate plus "dark" 
respiration for each species at each site by fitting a semi-empirical model, a non-
rectangular hyperbola of the following form: 
P = _L [al + P„,ax - {(al + Pmax)' - 40 a I P:„ax ' ] 
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where P is the gross photosynthesis in fxmol COa-m'^-sec"'; I is the irradiance of 
7 I photosynthetically active radiation in |imol-m' -sec"; a is the initial slope of the curve, 
representing the photochemical efficiency, in jimol CO2/J; Pmax is the maximum value of P 
at saturating irrradiance; and 0 is a dimensionless parameter where 0 < 0 < 1 (Johnson and 
Thomley 1984). The parameter values were determined using the Statistica (Tulsa, OK) 
non-linear estimation module. Once the parameter values were determined, curves were 
plotted as net assimilation by subtracting the "dark" respiration values from gross 
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photosynthesis. Dark respiration was determined by measuring net photosynthesis in the 
daytime under irradiances close to zero |imol-m"^ sec"'. To address the question of whether 
Dicranopteris' light response characteristics could explain the basis of its shade intolerance 
and restriction to low soil fertility sites, the fitted curves were used to calculate the 
compensation and light saturation points for the three species at the three sites. The 
compensation point was defined as the level of irradiance at which net photosynthesis 
equaled zero. The light saturation point was defined as the first irradiance level at which 
net photosynthesis reached 95% of the maximum level. 
Pmav and other gas exchange characteristics. Pmax and stomatal conductance for 
water vapor were measured in two seasons over a range of sites varying in elevation 
substrate age and fertility (Table 1). We used a closed gas exchange system, the LI-6200 
Portable Photosynthesis System (LI-COR 1987) to obtain these measurements, which were 
then used to calculate stomatal resistance to CO2, transpiration, and water use efficiency of 
photosynthesis (WUE) as described by LI-COR (1987). The transpiration rates determined 
by this method may differ fi-om rates determined outside the leaf chamber. However, 
because the boundary layer conductance of the chamber is knovra, the stomatal 
conductance values do provide a true measure for that variable. Dicranopteris was sampled 
most intensively at 290, 700,1130, and 1500 m on young flows. The 1660-m site was too 
inaccessible to include in this set of intensively sampled sites. A total of49-56 leaves were 
sampled over three days in summer (July 1994) and and six days in vwnter (December and 
January 1994-95). On each day, all four sites were visited between 0930 and 1300. The 
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order in which the sites were sampled varied daily to eliminate potential bias caused by 
time of day of sampling. A single measurement was taken on a leaf The idea was to 
incorporate in the measurements differences due to within-site, diumal, and day-to-day 
variability. Measurements over the rest of the elevational gradient, the N, P and N+P 
fertilizer plots and the old-flow sites were taken in winter 1994-95. Ten leaves were 
sampled per site. Nighttime respiration was measured at the four intensively sampled 
young-flow sites, in 10 leaves per site, on 8 January 1994 from hours 2000-2300 using the 
ADC-LC-II apparatus. 
Gas exchange characteristics were measured for other dominant species along the 
young-flow elevational gradient wherever possible in winter 1994-95 (Table 1). We 
sampled a minimum of ten leaves from different plants at each site, for each species, of 
Metrosideros. Psidium cattleianum. Arundina graminifolia. Cibotium glaucum. Melastoma 
candidum. Sadleria cvathioides and Polvpodium pellucidum. All leaves were newly fully 
expanded. 
Leaf mass per area (LMA) and stomatal density 
LMA. Once the above-mentioned gas exchange measurements were obtained on a 
leaf, it was harvested, placed in a zip-lock bag and kept cool for leaf area measurements 
that same day. Leaf area was measured using a A T Area Meter (Serial #AM5291, Delta 
Devices, hic.). Mass of the leaf was measured after it was dried at 70°C for at least 48 h. 
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Stomatal density was measured in Dicranopteris leaves collected from the Mauna 
Loa sites listed in Table 1. We obtained detailed, clear impressions of the lower epidermal 
surface of the leaves by painting the leaves with a thin layer of clear nail polish (Hilu and 
Randall 1984). Once dry, the nail polish film was peeled from the leaf surface, placed on a 
microscope slide, and covered with water and a cover glass for viewing. Densities were 
determined by counting the number of stomates within a known area, the microscope view 
at 400x magnification. An observation consisted of the count of stomates in a single 
microscope view. All counts were made on newly fully expanded leaves, and in the same 
middle location on the leaf, between leaf veins. Initial studies indicated that stomatal 
density was not a highly variable trait, so measurements were made on five leaves per site, 
with ten randomly located observations per leaf. 
Whole-Plant-Level Characteristics 
Plant architecture 
To characterize the highly variable morphology of Dicranopteris across our range of 
sites on Mauna Loa, we measured several aspects of the fern's architecture. We randomly 
selected ten fronds from each of nine sites: the six main sites plus the N, P, and N+P 
fertilizer plots. In January and September 1995, the follovwng traits were measured for 
each frond: the number of leaf segments in the main stem; the length and diameter of each 
segment; the number of bifurcations in the side branches; total rachis length and diameter 
of the side branch rachises; and the angles between the dichotomous branches (Plate 1). 
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To characterize the relationship between architectural traits and site fertility, regressions of 
site-level means of these traits as a function of foliar N were calculated. The latter was 
determined from the biomass harvests and collections of leaves in the fertilizer addition 
plots ofPicranopteris. 
Biomass, height, and nutrient concentrations 
Tree aboveground biomass was determined using forest inventory and regression 
techniques as described by Raich et al. (in press). Understory and litter masses were 
determined as follows. At each of the six main study sites, we randomly selected 3-4 x, y 
coordinates, one set in each quadrant of a site, to locate the 1 x 3 m quadrats for the 
measurement of organic matter. All of the aboveground vegetation was removed from 
each quadrat and sorted by species and plant component. In Dicranopteris the leaf rachises 
fiuiction as and are hereafter referred to as "stems". The lamina portion is referred to as 
the "leaf (Plate 1). We harvested Dicranopteris systematically, beginning with the top 
layer of live leaves and then working downward through the canopy, removing dead leaves, 
stems and finally rhizomes. Thus, we sorted plant mass in the field by species, plant part 
(leaves, stems, and large branch), and by status of live or dead. On the sites with large 
biomasses, we determined fresh weights of the components in the field using a hanging 
balance. We returned to the lab with sorted subsamples as described by Raich et al. (in 
press). For Dicranopteris, total (live and dead combined) rhizome mass was measured. It 
was assumed that the ratio of live : dead in rhizomes within a site equaled the same ratio in 
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stems, but this assumption was not tested. It was not practical to sample fine roots; 
therefore, belowground biomass measurements of Dicranopteris do not include fine roots. 
Fresh weights were measured in each category and subsamples and samples were dried at 
105°C for conversion of fi-esh to dry weights for the entire quadrat. For the dominant tree, 
Metrosideros polvmorpha. regressions of biomass as a function of height were determined 
using samples fi:om a range of sites (Raich et al. in press). Height of Dicranopteris was 
measured at each tree used in measurements of net tree growth with the exception of the 
young-flow site at 1660 m. There, four height measurements per clone were taken in each 
of the five distinct clones to obtain an estimate of the mean. 
Separate samples of tissues fi-om each component (species, plant part, and status) 
were dried at 70°C and groimd in a Wiley mill. Total N and P concentrations were 
measured as described by Vitousek et al. (1988), with a mercuric oxide catalyst on a block 
digester (Technicon Instrument Systems 1976). Standing stocks of N and P within a site 
were calculated as the sum over all components of the products of nutrient concentration 
times tissue dry mass. 
Leaf area index (LAI) 
Leaf area index (LAI), the projected surface area of foliage per unit ground area, of 
live leaves provided a measure of dominance by Dicranopteris and a means for comparing 
it with Metrosideros. Light interception is directly proportional to LAI (Marshall and 
Waring 1986), assuming that leaves are randomly distributed spatially and their inclination 
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angles are spherically distributed (Jarvis and Leverenz 1983), and, in our case the light-
extinction coefficient (k), is constant. Thus, total LAI (live plus marcescent leaves) 
provided an index of light available at the forest floor and therefore, a measure of the 
potential effect of Dicranopteris on regeneration within the forest. We determined LAI for 
both live and dead (but still attached) leaves of Dicranopteris by measuring the leaf area of 
leaves harvested from a known area of land during the biomass harvest. Similarly for 
Metrosideros, LAI was calculated as the product of specific leaf area (m^ leaves/g) and the 
leaf mass (g/m^ground). Leaf area was measured as described above. 
Nutrient resorption 
Nutrient resorption, the physiological process in which nutrients are withdrawn 
from senescing leaves, reduces the dependence of the plant on soil nutrient supplies by 
internally recycling absorbed nutrients (Clark 1977, Turner 1977, Jonasson and Chapin 
1985). Because it reduces nutrient loss, and thereby increases the plant's nutrient use 
efficiency (Vitousek 1980), nutrient resorption is viewed as an adaptation to infertile soils 
(Chapin 1980). 
To determine the stage of senescence at which resorption of nutrients was 
completed, we collected Dicranopteris leaves at several stages of senescence. The six 
stages included: 1) fiilly expanded, mature, green; 2) mostly green, mixed with some 
yellow; 3) a mixture of green, yellow and brown; 4) yellow and brown (no green left); 5) 
brovra only; and 6) gray. Within each of the four main sites below 1660 m, we collected 
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leaves from each of the six stages in a single day, sampling at the similar positions on the 
plants. Once it was determined that leaves in the yellow-brown stage (4) had the lowest 
concentrations of N and P, we sampled all six sites for leaves at the maximum- and 
minimum-concentration stages only. Resorption was calculated as the difference between 
concentrations in the green (maximum concentrations) and yellow-brown (minimum 
concentrations) stages divided by the concentration in the green stage. Because we based 
these calculations on leaf weight, we may have underestimated resorption. However, this 
species' leaves do not lose much mass as they senesce. The leaves do become brittle, 
however, making it problematic to express resorption on an area basis. We assumed that 
leaching losses were minimal and could be ignored because these leaf tissues were 
extremely low in N and P concentrations (cf Tukey 1970, Chapin and Kredowski 1983). 
Samples were composites of five leaves with three samples per site. Any debris was 
careftilly removed from leaves at all stages. Leaves were processed before analyzing for 
nutrients as described above under nutrient concentrations. For leaves from the six stages, 
analyses for N were done using a Carlo-Erba NA 1500 N/C/S Elemental Analyzer. 
Samples were analyzed for P using a Lachat QuickChem 4100 Automated Ion Analyzer. 
The samples from only the stages with the maximum and minimum concentrations were 
also analyzed for N and P, but using the methods described in the biomass section. The 
different methods of analyses yielded consistent results. 
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Leaf phenology and demography 
We monitored births and deaths at the morphological unit of accoimting of the leaf 
segment in this vegetatively reproducing species, for 13 months in the six main study sites. 
A leaf segment was defined as all the products of determinate growth of a single fiddlehead 
as illustrated in Plate 1. During this study, we noted sori development on the study leaves 
at each monthly visit. 
As described in Raich et al. (in press), we randomly selected and framed with PVC 
pipes ten 1 x 1-m quadrats. The fern fronds and rhizomes can easily be damaged, so we 
took great care during the quadrat set-up and did not record data in the quadrats for one 
month after installation. For the sixth site, the young flow at 1660 m, the clones were so 
small that the entire population of the 0.5-ha plot could be monitored. At each monthly 
visit, each new cohort of leaf segments was tallied and tagged at their "birthdate", the 
fiddlehead stage, with wires color-coded for the birth month of the cohort. We also noted 
the stage of sori development for each cohort in each quadrat. We recorded the number 
and species of all other vascular species rooted in the quadrats at any time during the study. 
To be consistent in counting births per unit area, only fern leaf segments that were bom, 
i.e., spent the fiddlehead stage, vwthin the quadrat were tallied. The primary leaf segment, 
i.e. the first leaf segment arising from the rhizome, tends to develop near the growing, 
terminal end of the rhizome. Thus, to provide an index of horizontal expansion of the 
clone, the primary segment was distinguished from the remainder of the fiddleheads 
originating atop the first or subsequent leaf segments. 
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We used cohort analysis (also known as age-specific, dynamic or horizontal) life 
table analysis (Keyfitz 1968, Seber 1982) to determine leaf segment life expectancy. Leaf 
segment life expectancy was determined using the three oldest cohorts. To test for 
differences in life expectancy among the sites, a Friedman's test (Daniel 1990) was used to 
compare the site means, with cohort as the block effect. The three following 
developmental stages corresponded to the following approximate time intervals of the 
survivorship curves: 1) initial leaf expansion, 0-100 days; 2) leaf maturation, 100-300 
days; and 3) leaf senescence, 300-400 days. A separate mean mortality rate, qpooi, was 
calculated for each of the three stages at each of the six main sites. An average mortality 
rate, qave. was not appropriate for these data because this unweighted average would give 
equal weight to the different-length stage classes. We used the pooled mortality rate, qpooi, 
in which the qx is weighted proportionally to the numbers Ix in the various age classes as 
described by Seber (1982); 
w-\ w-1 
Qpooi ~ 2 dx / £ Ix 
X = 0 jc = 0 
where dx is the number of deaths in the age class (x, x+1), x « 1 month (28-48 days), and Ix 
is the number surviving to age x from lo bom at the same time. Data for lo were scaled to 
1000 for analysis. The last age, w, was not included in the summing because at that age, d,^ 
= 1„ and qw = 1. Mean mortality rates over the youngest age interval were based on eight 
cohorts per site, for the intermediate interval on three cohorts and on the two oldest cohorts 
for the final interval. 
Community-Level Effects 
We conducted a manipulative experiment in a 1 lO-yr-old site at 290 m to 
investigate the effects of the fern on the plant community. In Jime-July 1992, in three 10 x 
10-m exclusion plots, the fern was cut, left to decompose, and excluded continually for >3 
years. In three control plots, the fern was left undisturbed. We attempted to create as little 
disturbance as possible to the rest of the understory and the soil during the cutting. The cut 
fem was not removed from the plots, so as not to export nutrients. Soil was shallow, 
generally <5 cm to bedrock. We cut through the soil to bedrock aroimd the perimeters of 
the plots to sever roots of all species at the plot borders. Tree roots undoubtedly penetrate 
lava cracks at this site, so if anything, the effect of the exclusion treatment was diluted. 
This was probably not a serious problem however, because exclusion and control plots 
were not situated adjacent to each other. All of the exclusion plots were, in effect, 
surrounded by the control. We then measured and compared various response variables in 
the exclusion and control plots to determine the effects ofPicranopteris on the 
Metrosideros overstory, the understory, and the soil. 
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Effects on the Metrosideros overstory 
Growth. We measured Metrosideros growth directly in the exclusion and control 
plots. We tagged every tree >10 cm in circumference (>3.2 cm dbh) with a unique number, 
recorded the location of the tree, and measured its height and circumference at intervals of 
>1 yr. Circumferences were measured at a height of 1.4 m aboveground to the nearest 1.0 
mm with a metal tape at exact locations marked by paint on the bole. We measured heights 
of trees <10 m tall to the nearest 0.1 m with an extension pole. Taller trees were measured 
with a Haga altimeter with an estimated accuracy of ±1 m. As described by Raich et al. (in 
press), we estimated biomass from these measurements by using the followdng regression: 
T = 2930 + 22.5 * D^H 
where T = total tree biomass (g), D = basal diameter of tree (cm), and H = tree height (m). 
Basal diameters were estimated for this site by the following taper equation: 
D = 0.83 +1.11 * dbh 
The regressions were calculated by using a data set cumulated from several investigators' 
(e.g., Aplet and Vitousek 1994) biomass harvests of Metrosideros from vwndward Hawai'i 
(n = 44 trees, r^ = 0.95). We used a site specific regression for the taper equations. Aiuiual 
growth for each tree was based on the difference between the final and initial biomass. 
Growth was determined on a plot basis by summing all increments in tree biomass within 
plots, and using the mean of the plot data to estimate average tree growth per plot. Tree 
growth was measured for >3 yr following initiation of the treatment. To account for pre­
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existing differences in tree mass among plots, relative growth rate (RGR) was calculated as 
net growth divided by total mass, on a plot basis. 
It is possible that we created a fertilizer addition artifact in the experiment by 
allowing the cut fern to decompose in situ. This effect, if any, would have been small, 
however, because results from our biomass harvest showed that the aboveground live mass 
of Dicranopteris contained only 1.9 g N / m^ and 0.12 g P/ m^, a very modest, one-time 
input. 
Foliar characteristics. LMA and foliar nutrient samples were processed as 
described above for the nutrient resorption study. In all of the plots, >20 leaves were 
sampled annually for Metrosideros. Analyses for N were done using a Carlo-Erba NA 
1500 N/C/S Elemental Analyzer. Samples were analyzed for P using a Lachat QuickChem 
4100 Automated Ion Analyzer. 
Effects on the imderstoiy and soil 
Foliar characteristics. LMA and foliar nutrients were sampled as described for 
Metrosideros. In all of the plots, >20 leaves were sampled aimually for Palhinhaea cemua, 
Machaerina angustifolia. Arundina graminifolia. and Melastoma candidum. 
Seedling demography plots were established as 10 x 1-m subplots oriented 
diagonally within each plot in June 1994. The direction of the diagonal was randomly 
selected. All seedlings >0.5 cm tall were mapped and tagged with wires. Seedling height 
was measured in July 1994 and September 1995. Seedlings were identified to the lowest 
taxonomic unit possible, generally to species, with the assistance of Linda Pratt, botanist 
with the National Biological Service, at Hawaii Volcanoes National Park (HVNP), 
Volcano, Hawaii. Voucher samples of representative specimens collected nearby yet off 
the plots were deposited in the herbarium at HVNP. 
Percent cover was estimated by first randomly selecting three 10-m long transects 
per plot. At 20-cm intervals along the transects we suspended a pole vertically and 
recorded all of the species that touched the pole at heights firom 0-2 m aboveground at each 
sample point. Thus, 150 vertical lines per 10 x 10-m plot, for a total of 450 vertical lines 
per treatment, were sampled. Cover was calculated as the percent of "touches" of the total 
possible, with only one touch per species possible at each vertical line. Because it was 
possible for more than one species to touch a single vertical line, % cover could exceed 
100%. 
Soil temperature at 2 cm depth was measured in all plots on two sunny days in June 
and July 1994, at 0.5-m intervals along a single transect per plot. In September 1995, in 
each plot we collected all the soil to bedrock in five randomly selected 10x10 cm squares. 
The samples were dried at 70°C, then sieved through a 2.00 mm mesh and hand-sorted to 
remove plant litter, roots, and lava rocks. The remaining soil was ground with a mortar 
and pestle to pass through a 0.25-mm mesh and then analyzed for C and N using the Carlo-
Erba Analyzer. 
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Ecosystem-Level Effects 
Organic matter cycling 
Aboveground net primary productivity (ANPP') for all species was defined as the 
sum of net growth (increase in live aboveground biomass), mortality (detritus production 
by the fern) and consumption by herbivores in aboveground biomass. For Dicranopteris, 
we measured all aboveground tissue produced (net growth plus mortality) over a 13-mo 
period. Herbivory, another component of ANPP, was not measured. However, losses to 
herbivores appear to be relatively insignificant in this species. We did not observe leaf 
area losses in Dicranopteris due to herbivory by chewing insects or other animals. 
However, losses as a result of herbivory by piercing and sucking insects is possible. We, 
along with University of Hawaii entomologist Vincent Jones, observed evidence of 
activity of these herbivores, especially of various species of leaflioppers and plant hoppers 
(Family Cicadellidae), including Sophonia rufofascia. the non-native two-spotted 
leafhopper. 
ANPP was measured in the same 1-m^ quadrats using the same plants and set-up as 
described above for the leaf demography study. We measured ANPP at the lowest growth 
unit of accounting, the leaf segment. Tagged leaves that died over the 13-mo period were 
harvested and weighed. At the end of 13 mo, all the tagged leaf segments were harvested, 
separated by status (live or dead), birthdate, and plant part, and dried at 105°C. A 
subsample was dried at 70"C, ground in a Wiley mill and analyzed for nutrients as in the 
biomass study. 
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Leaf segments continue to increase in mass for several months after their birth. 
Some incompletely expanded leaves were present in the plots at the initiation of our 
measurements, and they continued to increase in biomass during the course of the study. 
This biomass increment within the plots was not measured, thus the total ANPP of 
Dicranopteris was underestimated. Because the numbers and ages of these incompletely 
expanded leaves were not known, their biomass increments during the study could not be 
measured directly. Their expansion could be estimated, however, under the assumption 
that the number of unexpanded leaves present at the initiation of measurements was equal 
to the number present at the termination of the study, for which we have data. We 
estimated the biomass increment in these uruneasured leaves by assuming that the mean 
mass per fully expanded leaf segment was constant within a site, regardless of the birth 
month. A test of the assumption was to compare differences in ANPP over the monthly 
time intervals of the study. A correction factor was determined by first calculating mean 
mass per leaf segment (within a site) for each cohort to determine the age at which 
expansion was completed. We expressed this on a normalized basis so that the mass per 
segment as a function of its age could be compared across all sites (Appendix II). Because 
within- and among-site variability was high, a conservative interpretation was used: only 
the four youngest cohorts of leaf segments were considered to be incompletely expanded. 
Mean mass per segment (within a site) of the completely expanded segments was 
calculated and multiplied by the number of segments in the three youngest cohorts older 
than age = 0. The correction factor was unnecessary for the youngest (age = 0) cohort; 
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biomass increment was measured directly in this cohort. Thus, our correction factor for 
unmeasured ANPP by leaf segments that were bom prior to the study's onset was the 
difference between the measured productivity and that estimated over the course of 
expansion for segments bom in the last three months of the study. 
Some of the randomly selected quadrats included trees, and we attempted to 
measure ANPP in all quadrats. However, measuring ANPP in quadrats containing trees 
with climbing fronds taller than ~4 m proved an impractical task. Therefore, ANPP was 
not measured in the tallest fronds and thus may be underestimated on the two old-flow 
sites. 
Organic matter tumover. One means of characterizing the build-up of dead organic 
matter and soil humus, as well as the tumover of organic matter is the use of the litter 
tumover coefficient, kt, (Anderson and Swift 1983), the basis of which was described by 
Jenny et al. (1949) and Olson (1963). We estimated kt values for Dicranopteris by 
dividing ANPP by the mass of dead organic matter (oven-dry weights), as described by 
Olson (1963) and Anderson and Swift (1983). 
Nutrient uptake 
Nutrient uptake was defmed in this study as the pool of nutrients taken up in new 
growth, minus nutrients resorbed from senescing leaves. Other net losses of nutrients from 
herbivory (as discussed above) and/or leaching were assumed to be negligible. Losses due 
to leaching were not measured, but there was no reason to believe that losses would exceed 
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5-10% of the annual nutrient flux as reported elsewhere (Cole and Rapp 1981; Van Cleve 
and Alexander 1981). Thus, nutrient uptake was calculated as the product of tissue 
nutrient concentrations (at the end of resorption) and the organic matter production 
(ANPP). As described in the nutrient resorption methods above, newly senesced (yellow-
brown) leaves were harvested at each site to determine nutrient concentrations of leaves at 
the end of resorption. Nutrient concentrations for live stems from the biomass study were 
used to calculate uptake by that plant component. 
Nutrient use efficiency, defined as the amount of biomass produced per unit 
nutrient taken up, in Dicranopteris was compared with that of the other dominant species, 
as reported in Raich et al. (in press). 
Data Analysis 
Observational and analytical studies 
Because, to our knowledge, similar published data for Dicranopteris linearis in 
intact, functioning ecosystems do not exist, the objective for much of this work was to 
describe various attributes of the species and to analyze how the attributes varied across the 
range of extremely well-defined environmental conditions on Mauna Loa, Hawai'i. Thus, 
our approach was to design careftilly observational and analytical studies in which we 
sought to control extraneous effects as described by Cochran (1983). The descriptive 
statistics for the variables measured include the mean, standard error of the mean, and 
trends in means with respect to elevation, substrate age, and foliar nutrient concentrations. 
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The fact that samples were randomly selected for all measurements lends strength to the 
descriptive statistics as a set of baseline data for future studies. 
We used the following inferential methods to compare various attributes of 
Dicranopteris over the range of study sites on Mauna Loa. First, the Kruskal-Wallis test, 
the non-parametric analog of one-way analysis of variance, and multiple comparison tests 
(Daniel 1990), with a = 0.05 experimentwise error rate, were used to compare differences 
among the four main sites along the young flow elevational gradient in variables in which 
sample sizes were small and the assumptions of normality of errors and equality of 
variance of errors could not be tested adequately. For variables in which samples sizes 
were large enough to test the assumptions (n>20), ANOVA was the method used. 
Friedman two-way analysis of variance by ranks tests were used to compare differences in 
leaf segment life expectancy, with cohort as the block effect (Daniel 1990). 
For the descriptions of trends for a given variable such as biomass, ANPP, N uptake 
or P uptake, the sampling layout consisted of two parts; 1) a single young-flow elevational 
gradient consisting of 4-6 sites, with one site at each of the 4-6 elevations, with 3-11 
measurements within each site; and 2) a 2 x 2 matrix of sites varying in elevation and 
substrate age, again with 3-11 within-site measurements. The sites selected were typical 
for a given elevation, but there was no replication of flows of the same age at a given 
elevation. Thus, to describe trends in certain variables with respect to elevation, we used 
linear regression based on a single value representing the mean of the 3-11 measurements 
for each site. For regressions of morphological traits as a function of foliar N 
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concentrations, a non-parametric linear regression analysis was used, the resistant-line 
method (Emerson and Hoaglin 1983). This method was appropriate because the data did 
not conform to the assumption of homogeneity of variances necessary for the least squares 
method of linear regression analysis. 
Controlled experimentation 
In two of our studies, the fertilizer addition experiment and the exclusion 
experiment, we used a design-based approach. The 2^ factorial design for the fertilizer 
experiment was described under the Methods - Study Sites section. Gas exchange 
measurements were limited to subsampling in these plots in the N, P, and N+P treatments 
plus the control. 
In the unreplicated exclusion experiment, we subsampled on the young flow at 290 
m, using a stratified design in which we first categorized the six plots according to three 
levels of tree density: low, medium, and high. Of the two plots within the same tree 
density level, we randomly assigned which plot received the fem exclusion treatment and 
which one was the control. The response variables measured were described in the 
Methods for Community-level effects section. The null versus alternate hypotheses tested 
were all one-sided tests of the form: 
Ho: The response variable is less favorable (greater or lower, depending on the 
variable) in the exclusion treatment. 
Ha: The response variable is more favorable in the exclusion treatment. 
43 
We tested these hypotheses using the non-parametric analog of of the t-test, the Mann-
Whitney test, because sample sizes were too small to adequately test the underlying 
assumptions invoked in the t-test. In all our inferential tests, we declared the test results 
significant at the 0.05 level or lower. 
RESULTS 
Leaf-Level Characteristics 
Gas exchange traits 
Light response curves fit to the data for three species using the non-rectangular 
hyperbolic function are shown in Fig. 1. The model parameter estimates (Table 2) were 
used to estimate compensation and light saturation points for the three species at the three 
sites (Table 3). Temperatures of leaves sampled at the Kilauea and Mauna Loa sites were 
26-31 and 24-35°C, respectively, over the course of the measurements. The light 
compensation points for Dicranopteris were similar in the gap of the closed-canopy 
(Kilauea) and the open-canopy (Mauna Loa) site and also similar to that of Metrosideros at 
all sites (Fig. 1, Table 3). Cibotium. however, had a lower compensation point and lower 
"dark" respiration than the other two species in all sites. Dicranopteris' light saturation 
point was lower in the gap than in the open-canopy site whereas the reverse was true for 
Metrosideros and Cibotium. Dicranopteris reached a lower in the gap than in the 
open-canopy site, unlike Metrosideros and Cibotium. which had higher rates in the gap. 
Dicranopteris did appear to respond to N and P additions in terms of its light response 
10 
o 
<D 
U) 
CM 
I  
-5 5 
E 
c: 
o 
= 0 
(O (/} 
< 
0) 
-5 
Mauna Loa = Sunny Site 10 
•i 
JL-J T I I I I I 1 I I I I I I L 
-5 
Kilauea = Shadier Site 
-1 I 1 I I I I I I I I I L_1 ' I I I I 
0 500 1000 1500 2000 0 500 1000 1500 2000 
Photon Flux Density (jLimol m'^-sec"'') 
FIG. 1. Light response curves for three species on two sites. Net assimilation rates were determined over a range of photon 
flux densities in Dicranopteris linearis (closed circles), Cibotium glaucum (open triangles) and Metrosideros 
polvmorpha (open circles). Regressions were fit for Dicranopteris (dashed), Cibotium (solid), and Metrosideros 
(dashed-dotted) using the non-rectangular hyperbola described in the text. The Mauna Loa site was an open-canopy 
site on the young flow at 1130 m. The Kilauea site was a gap in a closed-canopy forest at 1190 m. 
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Table 2. Light response model parameters for three species at 
three sites. The model is described in the text. The 
Kilauea Volcano site was located in a gap in a closed-
canopy forest at 1190 m elevation, the shadiest habitat 
in which Dicranopteris is found. The two Mauna Loa 
Volcano sites were situated on a single, young, open-
canopied, pahoehoe lava flow at 1130 m elevation, in 
the control and fertilizer addition plots of N & P. The 
second set of estimates for Metrosideros on the Mauna 
Loa control plots was calculated by omitting two 
possible outliers. 
Site Species Parameter 
9 a Pmax 
Kilauea Dicranopteris 1.000 0.0166 3.38 
Cibotium 0.683 0.0371 6.16 
Metrosideros 0.612 0.0578 9.39 
Mauna Loa 
Control Dicranopteris 0.664 0.0258 5.75 
Cibotium 0.930 0.0091 3.86 
Metrosideros 0.953 0.0186 4.47 
0.336 0.0249 6.55 
N & P  Dicranonteris 0.001 0.0458 7.73 
Cibotium 1.000 0.0198 2.97 
Metrosideros 1.000 0.0203 6.15 
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Table 3. Compensation points, light saturation points and 
"dark" respiration estimates for three species in 
three sites. Values were estimated using the fitted 
regressions described in the text using the 
parameters listed in Table 2. The Kilauea Volcano 
site was situated in a gap in a closed-canopy site at 
1190 m elevation. The two Mauna Loa Volcano 
sites were situated on a single, open-canopied, 
young, pahoehoe lava flow at 1130 m elevation in 
the control and fertilizer addition plots of N & P. 
Species Site 
Kilauea Mauna Loa 
Control N & P 
Compensation Point ({xmol m •^•sec"') 
Dicranopteris 100 110 60 
Cibotium 40 10 20 
Metrosideros 80 120 80 
Light Saturation Point (jamol •m"^-sec"') 
Dicranooteris 190 860 1000 
Cibotium 550 490 140 
Metrosideros 730 390 600 
"Dark" Respiration (lamolm" ^ •sec"') 
Dicranopteris 1.6 2.3 2.0 
Cibotium 1.3 0.1 0.3 
Metrosideros 3.6 2.1 1.7 
A1 
characteristics: the compensation point was lower and both the light saturation point and 
Pmax were higher in the fertilizer plots than in the control (Table 3). 
Pmav and other gas exchange characteristics, hi Dicranopteris. Pmax, transpiration, 
and stomatal conductance on the intensively sampled young-flow sites were significantly 
higher in the summer than in the winter during a dry spell (Table 4, Fig. 2). The effects of 
season and moisture conditions are confounded, so it is not possible to determine the cause 
of the difference. Pmax decreased significantly with increasing elevation in the winter, but 
not in the summer, hi general, however, summer Pmax rates were higher at sites below the 
1130-m elevation. Transpiration varied significantly with elevation on the young-flow 
sites in the winter, but not in the summer. The only other gas exchange characteristic that 
varied significantly along the young-flow elevational gradient in winter was stomatal 
resistance: it increased significantly with elevation. Neither Pmax nor transpiration were 
significantly different in young- compared to old-flow sites. 
Pmax and WUE were not significantly higher in Dicranopteris compared to the other 
species along the young-flow elevational gradient (Fig. 3 and 4). 
For Dicranopteris. Pmax was significantly higher in the fertilizer plots that had 
received P and N+P (Table 5). None of the other gas exchange characteristics varied 
significantly in the fertilizer experiment. 
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Table 4. Gas exchange characteristics, leaf mass/area and stomatal density in 
Dicranopteris linearis on Mauna Loa, Hawai'i. Methods and sites are described 
in the text. W = winter and S = summer measurements. 
Site and Season Leaf mass 
per area 
(LMA) 
Stomatal 
density 
Transpir­
ation 
Stomatal 
conductance 
forHjO 
Nighttime 
respiration 
Flow age / 
Elevation (m) 
g/m^ N/mm^ mmol H20' 
0-' m -s 
cm/s |j.mol-m'^-s"' 
Young/90 WT Y V  87 ±3 3.4 ± 0.3 0.331± 0.028 
Young/290 W 
S 
99±4 
95 + 2 
332 + 7 2.2 ±0.1 
4.7 ± 0.2 
0.313±0.017 
0.637 ± 0.046 
0.95 ± 0.09 
Young/700 w 
S 
128 ±4 
122 ±4 
386 ±6 2.2 ±0.1 
3.0 ±0.1 
0.270 ±0.014 
0.790 ± 0.068 
1.25 ±0.26 
Young/1130 w 
S 
162 + 3 
131±4 
382 ±6 1.8±0.1 
3.4 ± 0.2 
0.219 ±0.016 
0.458 ±0.041 
1.07 ±0.17 
Young/1500 w 
S 
143 ±3 
139 ±4 
351+6 1.7 ±0.1 
4.8 ± 0.3 
0.289 ±0.019 
0.563 ±0.049 
1.11 ±0.21 
Young/1660 w 171 ±5 345 ±8 1.8 ±0.2 0.141 ±0.017 
Old / 700 w 109 ±6 268 ±4 2.1 ±0.1 0.271 ± 0.023 
Old /1660 w 123 ±2 320 + 6 1.4 ±0.1 0.141 ±0.015 
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FIG. 2. Maximum net assimilation rates of Dicranopteris linearis on Mauna Loa, Hawai'i during winter and summer. Methods 
and sites are described in the text. 
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FIG. 4. Water use efficiency (WUE) of eight species on the young flows on Mauna Loa, Hawai'i during winter 1994-95. The 
species are as follows: DILI = Dicranopteris linearis: MEPO = Metrosideros polvmorpha: PSCA = Psidium 
cattleianum: ARGR = Arundina eraminifolia: CIGL = Cibotium glaucum: MECA = Melastoma candidum: SACY 
= Sadleria cvatheoides; POPE = Polvpodium pellucidum. 
Table 5. Gas exchange characteristics, leaf mass/area and foliar nutrient concentrations of Dicranopteris linearis 
in the fertilizer addition plots. The plots were situated on the young flow at 1130 m elevation on 
Mauna Loa. 
Fertilizer Leaf mass Transpiration Stomatal Maximum Foliar Nutrient 
Treatment per area conductance net Concentrations 
(LMA) for HjO assimilation 
rate N P 
g / mmol-H20- cm / s nmol-m'^-s"' % % 
Control 162 + 3 1.8 + 0.1 0.219 + 0.016 2.9 + 0.2 0.69 + 0.04 0.030 + 0.002 
N 143 + 3 1.8 ±0.3 0.193 ±0.030 2.1 +0.3 1.11 ±0.08 0.032 ±0.001 
P 133 ±7 1.8 ±0.1 0.239 ±0.014 4.7 ±0.2 0.90 ±0.04 0.249 ± 0.024 
N a n d P  101 ± 3 1.8 ±0.2 0.309 ±0.032 4.0 ±0.4 1.02 ±0.08 0.165 ±0.026 
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LMA and stomatal density 
LMA increased significantly with elevation on the young flows for both summer 
and winter leaves (Table 4). At both the 700- and 1660-m elevation, LMA was 
significantly higher on the young flow compared to the old flow. 
Invariably, in all the leaves examined, each lower epidermal cell was bounded on 
one end by a single stomate composed only of guard cells. Stomatal density of young-
flow leaves showed no significant trend with respect to elevation (Table 4). Stomatal 
density was significantly higher on the young-flow compared to the old-flow sites. 
Whole-Plant-Level Characteristics 
Plant architecture 
Plant architecture ofPicranopteris varied widely across the range of sites on Mauna 
Loa(Table6). The magnitude of most architectural attributes increased: l)with 
decreasing elevation; 2) firom the younger to older substrate; and 3) with addition of N, P, 
and N+P fertilizers (Table 6). The general trend was that architectural attributes increased 
with foliar nitrogen concentration, an index of soil fertility (Fig. 5). In this relatively 
limited sampling, the species ranged fi:om having determinate growth in some fronds, i.e., a 
single leaf segment, at the young flow sites at 1130 and 1660 m elevation to highly 
indeterminate growth with a maximum of nine leaf segments on the old-flow site at 700 m. 
Main stem length ranged from 9 to 498 cm over all the sites. The minimum and maximum 
diameters of the primary leaf segment were 0.4 and 9.9 mm respectively. Number of 
Table 6. Plant architecture of Dicranopteris linearis on Mauna Loa, Hawai'i. See text for descriptions. 
Site and Number of Main stem Stem diameter Number Length Leaf area Height 
Treatment segments length First Last ofbifur- of side per stem 
per leaf Segment Segment cations branches 
Flow age / 
Elevation (m) 
Fertilizer 
cm mm mm cm cm^ m 
Young/290 
Young/700 
Young/ 1130 
Young/1130 
N 
Young/1130 
P 
3 ±0.4 
2 ±0.3 
2 ±0.3 
2 ±0.3 
141 ± 15 
46 ± 6 
29 ±4 
70 ±9 
5.6 ±0.5 
2.8 ±0.3 
1.8 ±0.2 
2.8 ± 0.2 
4.1 ±0.2 
2.0 ±0.3 
1.4 ±0.3 
2.5 ±0.1 
9± 1 
2 ± 0  
1 ±0 
2 ± 0  
342±104 
20 ±6 
4 ± 2  
29 ±8 
3012±1004 
327±108 
103 ±10 
521 ± 88 
2.37 ± 0.68 
1.08 ±0.67 
0.82 ±0.12 
0.87 ±0.12 
1 ±0.2 36 ±6 2.8 ±0.2 2.7 ± 0.2 2 ± 0  20 ±4 97 ±83 1.05 ±0.16 
X 
Young/1130 
N & P  
Young/ 1660 
Old / 700 
Old / 1660 
4 ±0.4 
2 ±0.4 
5 ±0.7 
2 + 0.3 
167 ± 16 
18±2 
321 ±33 
99± 10 
4.2 ± 0.3 
1.8 ±0.2 
6.8 ±0.3 
4.0 ± 0.4 
3.2 ± 0.2 
1.7 ±0.2 
4.5 ± 0.3 
3.5 + 0.3 
7± 1 
1 ±0 
14±2 
4± 1 
209 ± 44 
5 ± 2  
679 + 81 
89± 18 
1940 ±337 
173 ±61 
5269 ± 868 
998 ±197 
1.30 ±0.13 
0.02 ± 0.00 
3.88 ± 1.75 
3.21+3.17 
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Plant architecture characteristics of Dicranopteris linearis as a function of average foliar N concentrations for the 
sites. The sites included the six main study sites plus the fertilizer addition plots with added N, P, and N+P at the 
young-flow site at 1130 m on Mauna Loa, Hawai'i. Linear regressions were fit to the data using the resistant line 
method. 
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bifurcations ranged from 0 to 27 and total length of the stems in these side branches 
reached a maximum of 1.1 m. Leaf area per frond was 108-11,325 cm^. The angles 
between the bifurcations did not vary in any meaningful way, with the site means ranging 
from 64 to 95°. 
Biomass, height, and nutrient concentrations 
Total aboveground ("leaf plus stem) biomass on the young flows (Table 7) was 
significantly lowest at the 1660-m elevation, intermediate at the 700-m and 1130-m 
elevations and highest at the 290 m elevation. Live leaf mass was lower at the 1660-m-
elevation site compared to the three lower-elevation sites. Mean height of the fern ranged 
from 0.02 to 3.9 m in the six main sites (Table 6). 
Biomass allocation. Allocation patterns varied with respect to biomass (Fig. 6). 
The ratio of live mass of leaves : stems vwthin a site, as calculated from Table 7, varied 
significantly among the young-flow sites, with higher ratios at the 700-m and 1130-m than 
at the 290- and 1660-m sites. Between substrate ages, the ratio was significantly higher in 
the young-flow site at the 700-m elevation. The ratio of live : dead aboveground mass did 
not vary significantly among the young-flow sites or between substrate ages. 
Among the young-flow sites, the ratio of rhizome : aboveground live mass was 
significantly higher at the 1660-m elevation compared to the sites at 700,1130 and 290 m. 
Between substrate ages, the rhizome:abovegroimd ratio was higher in the young site at the 
1660-m elevation, but higher in the old site at 700 m. Between the old-flow sites, this ratio 
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Table 7. Organic matter masses and nutrient concentrations and masses ofPicranopteris 
linearis from the Mauna Loa, Hawai'i study site biomass harvest. Nutrient 
concentrations of live leaves are representative composites of all stages of 
maturation and senescence. Live and dead rhizomes were not separated. Values 
are means (± S.E.) of 2-4 samples. An "n.d." indicates no data. Nutrient masses 
in aboveground live organic matter are shown for each site. 
Site Status Plant Organic Nitrogen Phosphorus 
Part Matter 
Mass 
gW % % 
Young flow Live Leaves 208 ± 47 0.765 ± 0.064 0.047 ± 0.002 
at 290 m Stems 222 ± 20 0.168 ±0.009 0.013 ±0.004 
Dead Leaves 220 ± 43 0.504 ± 0.045 0.020 ± 0.007 
Stems 273 ±20 0.153 ±0.010 0.003 ± 0.001 
All Rhizomes 192 ±65 0.228 ±0.021 0.014 ±0.005 
CT
Q g/m^ 
Total Aboveground Live Mass 430 1.91 0.12 
Young flow Live Leaves 63 ±13 0.703 ±0.041 0.028 ± 0.003 
at 700 m Stems 26 ±4 0.158 ±0.013 0.010 ±0.003 
Dead Leaves 56 ±15 0.391 ± 0.049 0.013 ±0.002 
Stems 25 ±10 0.145 ±0.023 0.009 ± 0.003 
All Rhizomes 61 ±16 0.278 ± 0.041 0.013 ± 0.002 
g/m^ gW 
Total Aboveground Live Mass 89 0.48 0.02 
Young flow Live Leaves 106 ±30 0.601 ± 0.006 0.027 ±0.001 
at 1130 m Stems 58 ±23 0.157 ±0.006 0.006 ± 0.002 
Dead Leaves 209 ± 72 0.398 ± 0.038 0.015 ±0.004 
Stems 279 ±168 0.139 ±0.037 0.007 ± 0.005 
All Rhizomes 208 ± 99 0.234 ± 0.033 0.013 ±0.005 
g/m^ g/m^ 
Total Aboveground Live Mass 164 0.73 0.03 
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Table 7 continued 
Young Flow Live Leaves 0.014 0.561 ±0.076 0.041 ±0.003 
at 1660 m Stems 0.029 n.d. n.d. 
Dead Leaves 0.068 n.d. n.d. 
Stems 0.039 n.d. n.d. 
All Rhizomes 0.029 n.d. n.d. 
g/m^ g w 
Total Aboveground Live Mass 0.043 trace trace 
Old flow Live Leaves 361 ±80 0.941 ± 0.068 0.046 ± 0.003 
at 700 m Stems 661 ± 99 0.191 ±0.005 0.014 ± 0.002 
Dead Leaves 441+168 0.675 ± 0.057 0.027 ± 0.001 
Stems 1441 +201 0.132 ±0.036 0.010 ±0.003 
All Rhizomes 1286 ±234 0.361 ±0.078 0.019 ±0.004 
g/m' g/m^ 
Total Aboveground Live Mass 1022 4.55 0.26 
Old flow Live Leaves 206 ± 32 0.578 ± 0.048 0.037 ±0.004 
at 1660 m Stems 235 ± 58 0.198 ±0.053 0.017 ±0.003 
Dead Leaves 246 ±49 0.339 + 0.036 0.022 ± 0.002 
Stems 541±188 0.188 ±0.015 0.015 ±0.002 
All Rhizomes 165 ±69 0.285 ±0.015 0.018 ±0.004 
g/m^ g W 
Total Aboveground Live Mass 441 1.72 0.12 
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FIG. 6. Proportional biomass allocation patterns as a function of biomass in Dicranopteris linearis on the six main study sites 
on Mauna Loa, Hawai'i. 
was significantly higher at the 700-m elevation. Another characteristic of the old-flow site 
at 700-m is the greater investment in structure, as evidenced by a lower leaf: stem ratio 
and greater height than at the 1660-m site (Tables 6 and 7). 
Nutrient concentrations in biomass are shown in Table 7. Aboveground mass of N 
and P in Dicranopteris organic matter along the yoimg flow gradient was 0-1.9 g-m"^ on the 
young flows and 1.7-4.6 on the old flow. P in biomass was 0-0.12 g- m"^ on the young 
flows and 0.12-0.27 g-m"^ on the old flow. Concentrations of N in live leaves did not vary 
significantly among the young-flow sites according to the results of the Kruskal-Wallis 
test. For the old-flow sites, %N in live leaves was significantly greater at the 700-m site 
compared to the 1660-m site. Concentrations of P in live leaves did vary significantly 
among the young-flow sites in that the lowest elevation site had the highest %P compared 
to the other sites. Between substrate ages at 700 m, %P in live leaves was significantly 
higher on the old-flow site whereas no difference was detected at 1660 m. 
Nutrient resorption. In all sites, nutrient concentrations decreased as the leaves 
senesced, reaching the lowest concentrations at the green-yellow-brown and yellow-brown 
stages (Fig. 7). Nutrient concentrations increased during the brown and gray stages, 
indicating that net immobilization of nutrients was occurring in those stages. N resorption 
ranged from 43% at the young-flow site at 1660 m to 59% on the old flow at the 700-m 
elevation (Fig. 8). P resorption was lowest, 49%, at the old-flow 1660-m elevation site and 
highest, 82%, on the young-flow site at 1130 m. Concentrations in the green leaves in the 
resorption study differed fi:om the "live" leaf biomass concentrations for a given site. This 
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was expected because the resorption-study leaves represented a single developmental stage 
whereas the biomass leaves were from all possible developmental stages. 
Leaf area index 
Leaf area index of live Dicranopteris leaves was roughly similar to that of 
Metrosideros on the three lowermost young-flow sites (Fig. 9). Dicranopteris LAI greatly 
exceeded that of Metrosideros on the old-flow site at 700 m. The combined live and dead 
LAI of the fern exceeded 16 in one of our biomass harvest quadrats. 
Leaf phenology and demography 
Leaf phenology was remarkably invariable across the range of main sites. As soon 
as leaf expansion was completed after 3 months, sori development began. Sori matured by 
the fourth month and released spores for the next 3-4 months. At the eight month, the sori 
became deciduous. 
Survivorship curves were similar among the sites (Fig 10). Mean mortality rates 
(fraction of survivors dying per 4-6-wk period) of Dicranopteris on the young-flow sites 
were 0.013 over the leaf expansion stage, 0.042 over the maturation stage, and 0.191 over 
the senescing stage (Table 8). On the old-flow sites, corresponding rates over the three 
stages were 0.033, 0.089, and 0.152. 
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FIG. 9. Leaf area index for live and dead Dicranopteris linearis and live Metrosideros 
polvmorpha leaves on the six main study sites on Mauna Loa, Hawai'i. 
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FIG. 10. Survivorship (%) of Dicranopteris linearis leaf segments at the six main study 
sites on Mauna Loa, Hawai'i. 
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Table 8. Mean (± SE) mortality rates over three life phases and life expectancies 
in days of Dicranopteris linearis on windward Mauna Loa, Hawai'i. 
Life phases are defined in the text. 
Flow age / Mortality Rates, qpooi Life 
Elevation Life Stage Expectancy 
Expansion Maturation Senescence 
Young/290 m 0.012 ±0.003 0.066 ±0.011 0.215 ±0.020 311± 9 
Young/700 m 0.012 ±0.002 0.050 ±0.014 0.130 ±0.023 327 ±19 
Young / 1130 m 0.015 ±0.004 0.032 ± 0.004 0.045 ± 0.004 328 ± 6 
Young/ 1660 m 0.014 ± 0.005 0.021 ±0.033 0.374 ± 0.038 299 ± 8 
Old/700 m 0.033 ± 0.005 0.114 ±0.006 0.167 ±0.015 248 ± 4 
Old /700 m 0.033 ± 0.006 0.063 ± 0.025 0.137 ±0.155 280 ±11 
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For the leaf expansion stage, mean mortality rates did not vary significantly among 
the young-flow sites. However, at this stage, mortality rates were significantly higher on 
the old-flow compared to the young-flow sites. 
For the maturation stage, mean mortality rates on young flows ranged from 0.021 to 
0.66, but did not vary significantly among the young-flow sites, or among cohorts. In the 
comparison of young- and old-flow sites for this stage, the only site that differed 
significantly from the others was the old-flow site at 700 m where the mortality rate was 
0.11. Mortality rates were significantly higher for the cohorts bom in November at the two 
1660-m-elevation sites, Dicranopteris' upper elevational limit. 
For the senescing stage, mean mortality rates differed significantly among the 
young-flow sites, with mortality highest at the 1660 m elevation, its upper elevational limit. 
Mortality rates were lowest at the 1130-m elevation and intermediate at the 290-m and 
700-m sites. Mortality rates were not significantly different in the young- compared to the 
old-flow sites at this stage. 
Leaf segment life expectancy ranged from 299 to 328 days among the young-flow 
sites and did not differ significantly among sites or among cohorts (Table 8). In the 
comparison between young- and old-flow sites, life expectancy of 248 days at the 700-m 
old-flow was significantly lower than that of 327 days at the young-flow site. 
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Community-Level Effects 
Effects on the Metrosideros overstory 
Growth. Diameter and relative net groMlh of Metrosideros was significantly greater 
in the exclusion plots on the young flow at 290 m during the second and third years 
following the exclusion of Dicranopteris ("Fig. 11). 
Foliar Characteristics. Foliar concentrations of N in Metrosideros were 
significantly higher in the exclusion plots one year following cutting of Dicranopteris. but 
were not significantly different from the controls in subsequent years (Table 9). Foliar 
concentrations of P did not vary significantly between the trees in the exclusion and control 
plots in any of the three years. Metrosideros leaf mass per area (LMA) was significantly 
lower in the exclusion plots in the second year (Table 9). 
Effects on the understory and soil 
Seedling Demography. Of the 110 seedlings found in the study subplots, all but 
two were identified at least to genus. The species list included; Melastoma candidum. 
Metrosideros polvmorpha. Mvrsine sp. and Psidium cattleianum. Ten seedlings in the 
Myrtaceae were too small to be identified at the species level. Seedling densities were 
relatively low, ranging from 1.5 to 1.9 seedlingsW during the second and third years of 
the study, and did not vary significantly between the exclusion and control plots. Mean 
(± S.E.) seedling height of Psidium cattleianum after the second year was significantly 
greater in the exclusion plot, 12.9 (± 2.5) cm compared with 6.6 (± 1.4) cm in the control. 
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Significant differences between the control and exclusion plots are indicated by 
Experiment was conducted on the young-flow site at 290 m elevation on 
Mauna Loa, Hawai'i. 
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Table 9. Foliar and soil characteristics and understory cover in the 
control and exclusion plots on the young flow at 290 m, 
Mauna Loa, Jawai'i. Understory cover includes all 
vascular plants. Means (+S.E.) for the control and 
exclusion plots were signficant at the 0.05 level for all 
variables. 
Variable Control Exclusion 
Species - Year in Experiment 
Leaf mass per area, LMA (g/m") 
Machaerina - Year 1 
Metrosideros - Year 2 
Foliar Nitrogen 
Machaerina - Year 1 
Metrosideros - Year 1 
Machaerina - Year 3 
Melastoma - Year 3 
Soil N (%) 
Soil C (%) 
Soil C:N 
Soil Temperature ("C) 
228 ±7 213 + 1 
160 ±7 140 ±1 
0.65 ± 0.03 0.82 ± 0.05 
0.63 ± 0.02 0.74 ± 0.03 
0.77 ± 0.02 0.66 ± 0.04 
0.91 ±0.02 1.08 ±0.03 
1.29 ±0.05 1.44 ±0.05 
50.0 ±0.7 48.1 ±0.5 
39.6 ±1.7 34.0 ±1.1 
21.6 ±0.4 23.7 ±0.6 
Understory Cover (%) 115.7 59.4 
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However, increase in height was not significantly different between the two treatments for 
this or any of the other species. The one instance of a taller Psidium seedlings in the 
exclusion plots was most likely the result of events that occurred prior to the onset of the 
experiment. 
Foliar characteristics. In general, foliar concentrations of N in the understory 
species were higher in the exclusion plots than in the control. However, the variability was 
high. Thus, in only two instances were there significant differences (p < 0.05), for 
Machaerina after the first year and Melastoma after the third year (Table 9). Foliar 
concentrations of N were significantly lower in the exclusion plots for only one case, 
Machaerina after the third year. Foliar concentrations of P did not vary in any significant 
manner for any overstory or understory species at any time following the initiation of the 
treatment. LMA was significantly lower for Machaerina in the exclusion plot the first year 
after exclusion of Dicranopteris. 
% Cover of Dicranopteris was 81.5% in the control and 2.2% in the exclusion, as 
some Dicranopteris grew into the exclusion plots at the borders. Cover for all of the other 
species was remarkably similar in the exclusion and control plots (Fig. 12). The main 
difference between the two treatments was that litter^are soil was much higher in the 
exclusion plots, 39.6 %, compared with 2.5% in the control plots (Plate 3). Total 
understory cover by all vascular species was significantly lower in the exclusion than in the 
control plots (Table 9). Percent cover in the understory by all vascular species excluding 
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FIG. 12. Understory cover (%) by species in control plots (clear) and exclusion plots (shaded) where Dicranopteris linearis 
was excluded from 1992-1995. Experiment was conducted on the young-flow site at 290 m elevation on Mauna 
Loa, Hawai'i. The categories are: A = Andropoeon virginicus: B = Arundina graminifolia: C = Joinvillea ; D = 
Palhinaea cemua: E = Lichens; F = Machaerina angustifolia: G = Melastoma candidum: H = Metrosideros 
polvmorpha: I = Polvpodium pellucidum: J = Psidium cattleianum: K = Paspalum scrobiculatum; L = Styphelia 
tameiameiae: M = Moss; N = Rock; O = Bare soil or litter; P = Dicranopteris linearis. 
Plate 3. Landscape view of exclusion experiment at young-flow site at 290 m. 
a) Dicranopteris linearis was excluded from the plot on the left for three years. 
b) In the control plot on the right D. linearis was left undisturbed. 
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Dicranopteris was 34% in the control compared to 57% in the exclusion plots at the end of 
the 3-yr experiment. 
Soil temperature and N concentrations were significantly higher and soil C and C:N 
ratios sigificantly lower in the exclusion plots (Table 9). 
Species richness. Over the 13-mo course of the Dicranopteris leaf demography and 
ANPP studies, we recorded the presence of other vascular plant species in the quadrats 
installed at five of the six main study sites. The number of species present on the young-
flow sites at 290, 700, and 1130 m were seven, six, and ten respectively. On the old flow, 
we found only one species at 700 m and nine at 1660 m in the quadrats. 
Ecosystem-Level Effects 
Aboveground net primary productivity (ANPP) and decay rates 
ANPP of Dicranopteris decreased significantly from 291 to 0.032 g-m"^- yr"' along 
the young flow elevation gradient extending fi-om 290 to 1660 m and from 658 to 263 
g m'^ yr"' along the old-flow gradient fi:om 700 to 1660 m (Table 10). The number of leaf 
segments produced per month did not vary significantly over the time course of the 
measurements, although the trend was that production was greatest in May-July and lowest 
in December-February (Fig. 13). ANPP and height of Dicranopteris were strongly 
correlated (r^ = 0.98). ANPP increased significantly from young- to old-flow sites. 
Aboveground production was increasingly allocated to stems as ANPP increased (Fig. 14). 
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Table 10. ANPP and nutrient uptake of Dicranopteris linearis on Mauna 
Loa study sites. ANPP values are means (± S.E.) of 11 
measurements taken at intervals of 4-6 weeks. Nutrient uptake 
values are the products of mean ANPP and mean nutrient 
concentration of newly senesced tissues. Units are g-m"^ yr"'. 
Site Plant 
Component 
Mass Nitrogen Phosphorus 
Young flow Leaves 189 ±22 0.641 0.0245 
at 290 m Stems 64 ± 7 0.116 0.0096 
Primary Segments 39 ±8 0.069 0.0057 
Total 291 ±29 0.826 0.0399 
Young flow Leaves 92 + 12 0.297 0.0058 
at 700 m Stems 14 ±2 0.023 0.0016 
Primary Segments 10±3 0.018 0.0008 
Total 116 ±16 0.338 0.0084 
Young flow Leaves 52 ±9 0.138 0.0019 
at 1130 m Stems 4± 1 0.007 0.0002 
Primary Segments 6 ± 1  0.010 0.0004 
Total 62 + 11 0.155 0.0025 
Young flow Leaves 0.026 ± 0.005 0.0001 0.0000 
at 1660 m Stems 0.002 ± 0.000 0.0000 0.0000 
Primary Segments 0.004 ± 0.001 0.0000 0.0000 
Total 0.032 ± 0.006 0.0001 0.0000 
Old flow Leaves 332 ± 40 1.436 0.0515 
at 700 m Stems 271 ±37 0.764 0.0557 
Primary Segments 54 ±14 0.153 0.0091 
Total 658 ± 69 2.353 0.1163 
Old flow Leaves 192 ±33 0.880 0.0408 
at 1660 m Stems 65 ±10 0.275 0.0221 
Primary Segments 7 ± 2  0.018 0.0014 
Total 263 ± 36 1.173 0.0643 
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FIG. 13. Phenology and magnitude of leaf segment production of Dicranopteris linearis 
on the six main study sites on Mauna Loa, Hawai'i. 
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FIG. 14. Allocation (%) of production as a function of aboveground net primary 
productivity in Dicranopteris linearis in the six main study sites on Mauna Loa, 
Hawai'i. 
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A constant proportion of production was allocated to primary segments, regardless of the 
ANPP. 
Litter turnover coefficients, kt, were higher in leaves than in stems (Fig. 15). 
Turnover time of detritus, I/ICL, was slowest at the upper elevations and fastest at the 700-m 
young-flow site. 
Nutrient uptake 
Nitrogen uptake ranged firom 0.0001 to 0.826 g-m'^-yr"' on the young flows and 
from 1.173 to 2.353 g N-m"^-yr'' on the old flow sites (Table 10). Phosphorus uptake was 
0-0.040 g P-m"^-yr"' on the young flows and 0.064-0.116 g-m"^-yr"'. N and P uptake 
decreased significantly with increasing elevation on the young-flow sites. Uptake of both 
N and P were significantly greater on the old-flow sites compared to the young flow sites. 
Nutrient uptake decreased significantly with leaf segment lifespan (Fig. 16). 
DISCUSSION 
Niche and Growth Form 
What is the habitat of Dicranopteris linearis and what mechanisms explain why it is 
restricted to that type of environment? In Hawai'i, Dicranopteris tends to occupy the same 
habitat described for it in the continental Old World tropics (Page 1979): high light, high 
moisture, and low soil fertility. The forests that it dominates can be characterized as 
having high photon flux densities of PAR in the understory, low tree basal area and low 
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rates of litterfall, compared to tree-fern (Cibotium^-dominated forests under similar 
climatic regimes (Table 11). These habitat conditions are typical of early successional 
Hawaiian rainforests and thus Dicranopteris can be an important species after the initial 
pioneer stage of succession. Dicranopteris is important also at the other end of the 
successional spectrum, when the overstory canopy thins out during die-back and the high­
light conditions arise again. Dicranopteris' mat-forming growth form results in the 
formation of a perched soil layer, often one meter aboveground. This growth habit enables 
the species to circumvent the water-logged condition of the organic, peaty soils in these 
wet, late-successional forests. Thus, Dicranopteris' growth attributes make it uniquely 
well-suited for dominating post-die-back Hawaiian rainforests. 
Our data indicated that Dicranopteris' light response attributes may be one set of 
mechanisms that contribute to its shade intolerance. The species may be restricted to high-
moisture sites by its relatively high stomatal density compared to other (non-fern) species 
listed by Kelly and Beerling (1995). However, the species does seem to exert a fair degree 
of stomatal regulation, as evidenced by its modulation of transpiration rates in relation to 
fluctuations in environmental factors such as relative humidity. Other anatomical and 
whole-plant features may be more important in explaining its drought intolerance. In 
particular, its shallow-rootedness probably plays a key role in limiting its distribution to 
wet and mesic sites. Although the species is typically found in forests characterized by low 
soil fertility, e.g., young pahoehoe or a'a lava substrates, the species has an inherent ability 
to respond to nutrients, as evidenced by its gas exchange characteristics, foliar nutrient 
Table 11. Attributes of Dicranopteris- and Cibotium-dominated rain forests on windward Hawai'i. See text for site 
identification. Understory photosynthetically active radiation (PAR) was measured at 2 m above the 
forest floor. Overstoiy litterfall includes treefem litterfall in all sites. 
Site Tree Under­ Overstory Total nutrients Soil type Data source 
basal story litterfall returned through 
area PAR litter 
N P 
m^/ha mol- g-m'^-yr"' g-m'^-yr 1 
m'^-day"' 
Dicranopteris-dominated 
This study 
Young / 290 5.1 108 1.6 0.13 Pahoehoe lava & Raich et al. 
Young / 700 1.2 81 1.3 0.09 f/ ft 
Young/ 1130 2.3 54 0.7 0.06 ft ft 
Young / 1660 0.1 21 0.3 0.03 ft ft 
Old / 700 17.5 7.3 ± 1.5 175 4.1 0.25 ft ft 
Old / 1660 17.6 8.6 ±2.3 229 2.2 0.16 ft ft 
Cibotium-dominated 
Ash / 760 36.9 1.1 ±0.1 614 Pahala ash ft 
Old / 1660 30.1 1.9 + 0.6 573 Pahoehoelava edge ft 
Saddle Road / 1400 521 2.8 0.11 ft Vitousek et al. 1995 
Thurston / 1190 522 2.5 0.18 Tephra overlying ft 
pahoehoe 
Olaa/ 1220 701 6.7 0.46 It ft 
Puu Makaala / 1220 524 3.6 0.13 If ft 
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concentrations and growth responses (Raich et al. 1996). The overstory of Metrosideros is 
also capable of greater growth under increased nutrients (Raich et al. 1996). Thus, we infer 
that Dicranopteris is excluded from more fertile sites simply because the overstory grows 
taller and with a more closed canopy. Dicranopteris appears to be shade-intolerant, as 
suggested by its light response characteristics. Thus, the mechanistic basis for 
Dicranopteris' restriction to low-fertility sites may be its light response attributes. In 
contrast, Cibotium's light response characteristics suggest that it is shade tolerant, and 
therefore, is capable of dominating more fertile sites with closed-canopies. 
Dicranopteris could be viewed as a specialist in vegetating low-soil-fertility and/or 
highly disturbed sites, especially sites with thin soils, unstable slopes or waterlogged soils. 
The two main characteristics that make it uniquely well-suited for this specialization are its 
dichotomously branching, shallow-rooted, highly indeterminate (both below- and 
aboveground) growth form and its high internal cycling of P. Its clonal growth form 
enables it to spread from relatively more hospitable microenvironments such as peat 
accumulations in the cracks of young lava flows and the edges of landslides into harsher or 
more disturbed microenvirorunents such as thin soils overlying young lava flows or onto a 
landslide. Under suitable conditions, this species can be a strong competitor. Its 
marcescent leaves may be a powerful tool for influencing regeneration by shading out 
competitors. 
One piece of evidence that indicates that Dicranopteris is a specialist is the fact that 
in >three years, no other species filled the vacuum created by the removal of the fern in the 
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experiment on the young-flow site at 290 m. One interpretation of this result is that 
Dicranopteris was the only native species possessing the type of growth form that would 
enable a plant to spread from hospitable microenvironments, such as accumulations of 
detritus in lava cracks, onto a harsh microenvironment, i.e., the thin, black soil overlying 
large, unbroken slabs of pahoehoe lava. Other native species at this site do possess clonal 
growth forms; however, none of these species has the potential to spread vegetatively to 
the extent that Dicranopteris does. An alternate interpretation for explaining the lack of 
colonization at that site is that Dicranopteris has alielopathic or toxic effects. Although we 
did not investigate this possibility, allelopathy under natural conditions has not been 
demonstrated for this species. Even if D. linearis did have alielopathic effects, one would 
not expect those effects to persist for >three years in a tropical site with a mean annual 
temperature of 21° C that receives 4000 mm of rain per year. It has been suggested that 
Dicranopteris is an obligate aluminum accumulator species because it accumulated that 
element at high concentrations of 3500-6300 ppm in its tissues, even on substrates such as 
pahoehoe lava that are inherently low in aluminum content (Moomaw et al. 1959). 
However, one would not expect this trait to cause aluminum toxicity on such a young site. 
Absence of an alielopathic or toxic effect from Dicranopteris is indicated by the rapid 
colonization by other species on the old-flow site at 700 m where Dicranopteris has been 
cut for trails. 
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Functional Attributes of the Species 
In many respects, this species functions quite similarly to the other co-dominants on 
Mauna Loa. For example, its trends along the young-flow elevational gradient in biomass, 
height, ANPP and foliar N concentrations closely resembled those of Metrosideros. a 
species that is completely unrelated to Dicranopteris. both in terms of phylogeny and 
growth form (Fig. 17). Although its trends in biomass and height were similar to those of 
Metrosideros, the fern biomass and height were 3-5 times lower than that of the tree. 
Leaf-level attributes 
Dicranopteris' values for maximum rates of net photosynthesis were similar to 
those of other ferns (Larcher 1995). Dicranopteris' gas exchange characteristics were very 
similar also to the rest of the species sampled on Mauna Loa. We hypothesize that one 
explanation for the similarities over a broad range of taxa and grovrth forms is that abiotic 
controls over gas exchange characteristics are very strong at these primary successional, 
oligotrophic sites. Relative to herbaceous dicots, Dicranopteris' transpiration rates were 
low compared to heliophytes, but similar to or higher than those of sciophytes (Larcher 
1995). The fern's maximal conductances for CO2 were high, but similar to those of other 
heliophytes (Larcher 1995). Higher summertime conductance and transpiration rates may 
be an important mechanism for increasing nutrient uptake in these oligotrophic soils. 
In general, both maximum net assimilation rate and ANPP increased with 
decreasing elevation. However, the trend in ANPP with respect to elevation was linear 
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whereas the trend in net assimilation rate was not; summertime maximum net assimilation 
rates were highest at the 700-m elevation. Maximum net assimilation rates did not vary 
significantly between the young and old flows. If anything, net assimilation rates were 
lower on the old flow at 700 m, the site with the maximum ANPP. Thus, maximum net 
assimilation rates in Dicranopteris did not seem to account for the major trends in ANPP 
that we measured for the species. 
Biomass and nutrients 
Dicranopteris live leaves comprised 32-64 % of its aboveground biomass, 81-83% 
of its standing stocks of N and 76-78% of P across the range of our six main study sites. 
We contrasted Dicranopteris' proportions of leaf mass and nutrients with those in Cibotium 
at the high-soil-fertility, Cibotium-dominated site, Pu'u Maka'ala, described in Table 9 
(Vitousek et al. 1995). In Cibotium. <7 % of its aboveground biomass, 14% of N and 
16% of P were invested in leaves (Mueller-Dombois et al. 1984). Cibotium's leaf litter 
was considerably higher in concentrations of N, P and K than was Metrosideros or 
Dicranopteris litter. Again, in contrast with Dicranopteris, Cibotium trunks, a relatively 
slow-turnover plant part compared to leaves, contained the majority of the biomass and 
nutrients in Cibotium. Dicranopteris and Cibotium accounted for small proportions of the 
aboveground biomass, 0-14% and 28% respectively, of the total in their respective sites. 
However, the two species differed substantially in terms of nutrient storage in biomass. 
Dicranopteris contained only 0-24% of the N and 0-13% of the P at our sites, whereas 
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Cibotium contained a substantial proportion of the site's aboveground nutrients: 70% of 
the N and 48% of the P (Vitousek et al. 1995). Thus, fern removal would have different 
consequences on the eocsystem-level nutrient budget in Dicranopteris- and Cibotium-
dominated forests. 
Morphology and allocation patterns 
One special feature of Dicranopteris is its plasticity in plant architecture. As a 
result, it is capable of varying its biomass allocation patterns. By shifting from investment 
in leaves in low-resource sites to investment in structure in the high-resource sites, it is 
able to achieve higher leaf area and greater productivity. For a tree, this shift in allocation 
would be fairly mundane. What is remarkable in this instance is that this fern species 
attains great heights and accomplishes this wide range of allocation patterns without the 
benefit of secondary or other self-supporting growth. Theory predicts that a species will be 
"supercompetitive" if it adjusts its morphology such that it acquires all resources, 
especially light and nutrients, equally well and thus is equally limited by all resources 
(Iwasa and Roughgarden 1984, Bloom et al. 1985). Tilman (1988) predicted that 
competitively superior morphs would vary their plant allocation patterns with respect to the 
nutrient supply rate of soil, v^dth the maximum allocation to leaves occurring at 
intermediate soil nutrient supply rates. If biomass is used as a rough index of resource 
availability for our study sites on Mauna Loa, then Dicranopteris is consistent with 
Tilman's (1988) pattern for a competitively superior morph in that maximum allocation of 
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biomass to leaves occurred at the sites intermediate in biomass (Fig. 6). The pattern would 
be the same even if ANPP or nutrient uptake were used as the index of resource 
availability. Dicranopteris differs from Tilman's (1988) model in that allocation to stem 
biomass is high in the lowest-biomass site, the young flow at 1660 m. Nevertheless, this 
could be interpreted as a competitive morphology at this site where the entire clones are 
situated in lava cracks. The reason is that these plants would be limited by light if they did 
not allocate proportionately more biomass to stems. 
Leaf demography 
We did not specifically investigate the underlying mechanisms that influence the 
mortality rates of Dicranopteris leaf segments at various developmental stages and among 
sites. However, the general trend was that mortality rates were higher at the upper 
elevational sites where precipitation was lower and/or in taller plants that supported more 
leaf area. These patterns suggest that whole-plant water relations exert a strong control 
over mortality, as would be expected in a species without secondary growth. Mortality 
rates were low in the early and middle stages of leaf life. This type of survivorship, and the 
fact that foliar lignin contents were high (Russell and Vitousek in prep.), indicate that its 
leaves are not cheaply contructed (Larcher 1995). 
Most of Dicranopteris' leaf segments are relatively short-lived, <1 year, compared 
to leaf lifespans reported for Metrosideros of 1 to >4 years (Porter 1972, Russell et al. in 
prep.). Because Dicranopteris leaf segment lifespan decreased with nutrient uptake 
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(Fig. 16 ), leaf turnover rate may be one mechanism whereby productivity and nutrient 
uptake are regulated in Dicranopteris. This species maintains a fairly constant rate of leaf 
production within a site; thus, a fairly constant leaf area is maintained throughout the year. 
We did not distinguish between leaf segments that formed the main stem and those that 
formed the side branches in the demography study. However, we observed at the end of 
that study that the surviving leaf segments were generally the main stem segments. We did 
not determine the life-span of the main stems, but they are potentially long-lived, gauging 
by the number of segments they contain. 
This fern produces spores every month of the year on our sites. Although we did 
not investigate whether the spores were viable at all times of the year, clearly this species 
has a high potential for sexual reproduction throughout the year. 
Nutrient resorption and use efficiency 
Proportions of nutrients resorbed reported by other researchers range from 0 to 79% 
for N and 0 to 90% for P, and the average values were 52% N and 43% P resorbed (Chapin 
and Kredowski 1983). Thus, over our range of sites on oligotrophic soils, resorption from 
senescing Dicranopteris leaves was average to very high compared to other species in other 
locations. 
Nitrogen use efficiency (NUE) in Dicranopteris was quite high, but NUE was 
equally high in the rest of the species on Mauna Loa (Fig. 18). Perhaps high N use 
efficiency is one of the prerequisites for survival on the Mauna Loa young flows where N 
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limits plant growth in at least one of our sites (Raich et al. 1996). What sets Dicranopteris 
apart from the rest of the species, however, is its extremely high P use efficiency (PUE) 
(Fig. 18). P also is limiting in at least one of our sites (Raich et al. 1996), so perhaps high 
PUE may be a competitvely important attribute at these sites. 
Community-Level Effects of the Species 
Metrosideros net growth in individuals >10 cm in circumference was greater where 
Dicranopteris was excluded in the experiment at the young-flow site, suggesting that the 
two species compete for resources. 
Removal of Dicranopteris had no significant effects on regeneration at the young-
flow site. The story may be quite different on the old-flow post-dieback site at 700 m. 
There, the combined live and dead leaves of Dicranopteris reached a mean LAI of >9. 
Theory predicts that an LAI of that magnitude results in an extremely low photon flux 
density to the forest floor (Marshall and Waring 1986). That effect alone could explain 
why there were no seedlings in any of our ANPP quadrats at that site. It must be pointed 
out, however, that the soils at that site can be extremely waterlogged, with standing water 
occurring over extended periods during times of high rainfall in this site that receives 6 m 
of rain per year. We observed that most tree regeneration at this site began on fallen logs 
and rotting tree fern trunks rather than on the forest floor. Walker (1994) found that 
growth of tree seedlings under D. pectinatus in Puerto Rico was significantly lower than in 
the open. However, there was no correlation between the distribution of the naturally 
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occurring tree seedlings and the fern thickets. Thus, it was uncertain whether the fern 
ultimately influenced tree regeneration (Walker 1994). 
The higher N concentration in the soil indicated that net immobilization was 
occurring in the exclusion plots and/or that potentially available N was not being taken up 
by plants. The first possibility is likely because we have demonstrated that nitrogen 
fixation occurs in Dicranopteris litter (Russell and Vitousek in prep). The latter possibility 
was also likely because large unvegetated areas still existed three years after the fern was 
first excluded. 
Ecosystem-Level Effects of the Species 
Organic matter cycling 
On young flow sites, although Dicranopteris accounted for a relatively small 
proportion of the biomass (0-14%), it accounted for up to 51 % of the ANPP (Fig. 19). 
This species' importance in the ecosystem increases over time; on the old flow at 700 m, 
although the fern comprised only 14% of the biomass at the site, it accounted for 74% of 
the ANPP. Dicranopteris ANPP decreased linearly along the elevational gradient of young 
flows (r^ = 0.86), strongly influencing the ecosystem-level trends in ANPP described by 
Raich et al. (in press). 
Litter turnover coefficients, kL, in Dicranopteris are >1 in only one site, the young 
flow at 700 m. In all of the other sites k < 1, indicating that Dicranopteris litter contributes 
to the aggrading soil detritus pool. Decomposition rates for Dicranopteris leaves were 
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similar to those of Metrosideros leaves: however, nutrient release was faster in 
Dicranopteris (Russell and Vitousek in prep.)- Although Dicranopteris stems decomposed 
more slowly than leaves, they undoubtedly decompose faster than does Metrosideros wood. 
This fern has no secondary grov^^. Thus, the fate of the majority of the carbon 
fixed by Dicranopteris is not long-lived structural components, but instead, the soil organic 
matter pool. Raich et al. (in press) found that net growth for the study sites was <18% of 
total ANPP. Thus, the fate of most of the ecosystem-level ANPP was soil detritus, not the 
development of structure. Because Dicranopteris accounts for such a large proportion of 
the ANPP, this ecosystem-level characteristic can be attributed mainly to a species-level 
trait. 
Nutrient cycling 
Dicranopteris had an impact at the ecosystem level on nutrient uptake as well. 
Although this species comprised only 0-24% of the standing stocks of N on young flows, it 
accounted for up to 52% of the N uptake (Fig. 20). Similarly, on the old flow, although 
only up to 20% of the N in standing stocks was contained in Dicranopteris. the fern was 
responsible for 57% of the N uptake at the ecosystem level. Dicranopteris contained only 
0-13% of the total abovegroimd P, yet the proportion of P uptake by the fern was 0-31% on 
young flows and up to 47% on the old flow (Fig. 21). 
Similarly, the understory tree fern, Cibotium spp., played a disproportionate role in 
nutrient cycling in more fertile Hawaiian forests. On the Pu'u Maka'ala site, although it 
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comprised only 28% of the biomass of the site, Cibotium accounted for 40% of the N and 
41% of the P cycled through litterfall for the site (Vitousek et al. 1995). However, the 
ferns differ substantially in that relatively small proportions of total N and P are bound up 
in Dicranopteris biomass compared with Cibotium. Thus, the effect on the ecosystem-level 
nutrient budget upon fern removal would be very different for the two genera. 
Synthesis 
Key attributes of a dominant species 
Of the attributes studied in Dicranopteris. three emerged as either unique, or 
combined with other traits, resulted in a singular synergistic effect. Unique leaf- or whole-
plant level attributes were considered to be key if their effects could be demonstrated at the 
community and ecosystem level. 
1) High rates of P resorption at the leaf-level resulted in high P use efficiency at the 
whole-plant level. Combined vwth the population-level characteristic of a relatively short 
leaf lifespan, this trait allows Dicranopteris to be highly competitive with other species for 
P at the community level, especially where P is limiting. P cycling rates at the ecosystem 
level are low, but cause and effect cannot be determined from our data. It is possible that 
this fern's internal P cycling is so high compared to its codominant species that it alters 
ecosystem-level P cycling rates, driving them downward. This seems unlikely, however, 
because extremely low amounts of P are contained in the biomass; this species does not 
constitute an important storage pool of P, it merely cycles it. However, if the litter 
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constitute an important storage pool of P, it merely cycles it. However, if the litter 
produced by Dicranopteris has such high C : P ratios that it immobilizes P to a relatively 
large extent, then the effect would be to decrease available P. This attribute would 
profoundly influence ecosystem level nutrient cycling, thus establish the rules for, and 
ultimately drive community and ecosystem development and function. This effect is 
currently being examined through modeling efforts. Another important mechanism by 
which this species could influence ecosystem-level P cycling is its aluminum-accumulating 
dynamics (Moomaw et al. 1959), but we did not investigate this trait. 
2) Growth form, and its resulting allocation pattems, were unrivalled in terms of 
rendering a species capable of covering harsh landscapes. The fern's clonal, indeterminate 
growth form plus its tough, but relatively fast-turnover leaves enable it to colonize sites 
with extremely severe conditions for plant growth, characterized by thin, waterlogged, 
and/or nutrient-poor soils. This species' growth form allows it to be highly competitive for 
nutrient resources, given high enough light levels. The clonal growth habit facilitates this 
species' colonization of early successional sites where soils are thin, black and thus 
inhospitable for seedling germination and growth because due to excessive droughtiness 
and heat absorbance. This species' shallowly rooted and mat-forming growth form enables 
the species to circumvent problems associated with water-logged soils. As a result, this 
fern becomes quite productive in wet post-die-back forests and is a major contributor to the 
ecosystem-level processes of ANPP and nutrient uptake. 
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3) Marcescent leaves, a leaf-level trait, result in high effective LAI at the whole-
plant level. By shading the forest floor, the dead leaves impact population-level dynamics, 
thereby influencing community-level regeneration. We hypothesize that by thus 
influencing the light regime, and hence regeneration in these forests, this fern strongly 
influences the species composition of the community, ultimately directing late-successional 
patterns that in turn influence ecosystem-level dynamics. 
The xmderlying mechanistic bases that result in the above-mentioned leaf- and 
whole-plant level attributes undoubtedly have molecular-level origins. We did not 
investigate molecular-level attributes, but the links between this and higher hierarchical 
levels would be an enlightening area of research. 
Conspicuous by their absence from the list of key attributes are gas exchange 
characteristics. For this species on Mauna Loa, whole-plant- and other leaf-level 
characteristics seemed to play a more important role in this species' success, as suggested 
by Komer (1991). 
Dicranopteris' role in Hawaiian rain forests 
Dicranopteris plays a disproportionate role in organic matter cycling in these 
primary successional sites characterized by extremely low soil fertility and/or ephemerally 
waterlogged soils (Raich et al. in press). As the primary manufacturer of detritus, 
Dicranopteris' provides large inputs of organic matter to the system. Thus, this species is 
the major contributor to soil organic matter. Dicranopteris may be the only species 
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equipped to do the job of producing large amounts of organic matter under the relatively 
harsh conditions of early primary succession on pahoehoe lava. This is an extremely 
important role in early successional sites on pahoehoe lava where very little weathering has 
occurred. In these sites, plant detritus comprises the majority of the soil. 
Dicranopteris, like Cibotium. contributes substantially to nutrient cycling and is an 
important feature of Hawaiian rain forests. One important difference between the two 
types of ferns is that Dicranopteris cycles whereas Cibotium both cycles and stores 
disproportionately large amounts of nutrients relative to their masses. Thus, the removal of 
Dicranopteris would not constitute as serious an export of nutrients from the site as would 
removal of Cibotium (Vitousek et al. 1995). 
Assuredly, the vacuum created by the removal of Dicranopteris would be filled 
eventually. However, it seems fairly clear that the empty space would not be vegetated by 
a native species. The primary candidates are exotic species which bring with them 
unknown impacts. Dicranopteris appears to compete with Metrosideros for resources. 
However, given Dicranopteris' low nutrient demands and low storage of nutrients in its 
biomass, Metrosideros stands to fare worse from competition with exotic species. 
Therefore, Dicranopteris' most important role may be that of resisting the invasion of 
exotic species into the last of the unique Hawaiian rainforest ecosystems. 
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Appendix 1. Summary of vegetation types in which Dicranopteris occurs on the Island of 
Hawai'i (Jacobi, pers. comm.). Of the 508,424 ha surveyed and mapped on the 
island, 42,379 ha contained matted fern species (mf), always including 
Dicranopteris. Of the area mapped as having Dicranopteris, the proportions (%) 
that occupy the various classes within a category of vegetation information are 
shovwi. Abbreviations are quoted directly from Jacobi (1989). Slashes indicate 
mixtures of the two classes. 
C = closed canopy; most crowns interlocking; >60 % cover; 
O = open canopy; some or no interlocking crowns; >25-60% cover; 
S = scattered trees; 5-25% cover; 
Me = Metrosideros polvmorpha; 
Ac = Acacia koa: 
My = Mvrica fava: 
xt = introduced trees; 
xs = introduced shrubs; 
ns = native shrubs; 
xg = introduced grasses, sedges, or rushes 
tf = native treefems, Cibotium spp. 
mg = mixed native and introduced grasses, sedges or rushes; 
bur = recently burned; 
fum = volcanic fume defoliation; 
pio = pioneer vegetation; 
sng = many standing dead or defoliated trees. 
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Appendix I continued. 
Vegetation Information 
Class 
Proportion of Dicranopteris-mapped units in each 
class (%) 
Tree canopy crown cover 
C  C / 0  O  S  S / 0  
15 9 56 5 15 
Tree canopy height 
2-5 m 5-10 m >10 m 
7 28 65 
Tree species composition 
Me My Ac xt 
100 <1 10 10 
Species association type 
Wet Mesic Dry 
80 20 0 
Understory species composition 
xs ns xg tf mg 
49 100 35 35 13 
Other 
pio sng bur flim 
7 20 0.3 0.5 
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Appendix II. Mean (± S.E.) normalized mass per leaf segment of Dicranopteris linearis as 
a function of leaf segment age. Values were averaged within each age 
category over all leaves ftom the six main sites on Mauna Loa, Hawai'i. A 
second-order regression was fit to all the data. 
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CHAPTER 2. DECOMPOSITION AND POTENTIAL NITROGEN FIXATION IN 
DICRANOPTERIS LINEARIS LITTER ON MAUNA LOA, HAWAI'I, USA 
A paper to be submitted to Journal of Tropical Ecology 
Aim E. Russell and Peter M. Vitousek 
Abstract 
As a consequence of its high productivity in primary successional sites on Mauna 
Loa, Hawai'i, the mat-forming fern Dicranopteris linearis has a tremendous potential to 
influence soil detrital pool attributes. We determined decomposition rates of, nutrient 
release from, and asymbiotic N fixation rates in Dicranopteris litter over an elevational 
range of these oligotrophic sites. Dicranopteris' decomposition rates are low compared to 
other tropical species, even under high temperature and rainfall conditions, with >50% of 
the original leaf and >77% of the stem mass remaining after two years of decomposition. 
These slow rates are related to high ratios of lignin : nitrogen concentrations of 56-129 in 
litter, as well as aboveground positioning of unabscised, decomposing litter. Localized 
"hot spots" of potential asymbiotic nitrogen fixation on Dicranopteris litter occur at rates of 
6 kg ha''-jT"'. However, potential N fixation rates for the entire litter mass of 0-0.7 
kg-ha"'-yr'' are very low compared to other N inputs such as rainfall. In these young 
primary successional sites where the pahoehoe lava substrate has undergone little 
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weathering, plant detritus is the soil. Therefore, this species exerts an important influence 
on ecosystem development via its slow decomposition rates and consequent effects on soil 
genesis. 
INTRODUCTION 
Where a single species dominates an ecosystem, that species' decomposition 
attributes can drive ecosystem-level organic matter and nutrient cycling rates. In wet 
Hawaiian rainforests the mat-forming fern, Dicranopteris linearis (N. L. Burm.) Underw. 
(Gleicheniaceae) accounted for as much as 74% of the aboveground net primary 
productivity (ANPP), 57% of the nitrogen and 47% of the phosphorus uptake in primary 
successional forests, despite the fact that it contained relatively low proportions of the total 
forest biomass, nitrogen, and phosphorus (Russell et al. in prep.). Accordingly, the fern 
has a tremendous potential to influence soil detrital pool attributes via turnover times of 
litter and nutrients. 
Maheswaran and Gunatilleke (1988) found that in Sri Lanka, D. linearis litter 
decomposed relatively slowly compared to an overstory species. This resulted in 
accumulation of organic matter in sites dominated by the fern. The fern litter immobilized 
both nitrogen and phosphorus as it decomposed. The combined effect of these two 
characteristics was that the slowly decomposing Dicranopteris litter prevented nutrient 
leaching losses from the disturbed femland where uptake by plants was disrupted, thereby 
conserving nutrients in the system. In addition, Maheswaran and Gunatilleke (1990) 
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determined that nitrogenase activity rates were high in the fern litter, indicating that 
potentially, nitrogen is added to the system via asymbiotic fixation in D. linearis litter in Sri 
Lanka. 
Our goal in this study was to determine whether decomposing Dicranopteris shapes 
ecosystem dynamics across a range of sites in Hawai'i. We evaluated decomposition and 
nutrient release for Dicranopteris across a range of sites, in comparison with the dominant 
native tree, Metrosideros polvmorpha (Myrtaceae). We also determined rates of N fixation 
in the large mass of decomposing Dicranopteris litter. Nitrogen limits plant growth in 
these young successional sites (Raich et al. 1996), and symbiotic N-fixing species are often 
absent (Vitousek et al. 1989). Accordingly, even small N inputs via asymbiotic fixation 
could have important effects on ecosystem-level nitrogen dynamics. 
METHODS 
Study Sites 
We conducted this research on the east flanks of Mauna Loa Volcano on the island 
of Hawai'i at study sites previously described by Raich et al. (in press). The 
decomposition study was conducted on four sites at three elevations: 290, 700, and 1660 m 
(Table 1). At the lowest elevation, the pahohoe lava substrate was 110 yr old. The 
uppermost site was located on the Punahoa flow, a 3400-yr-old pahohoe lava substrate. 
The two middle elevation sites on young, 136 yr old and old, 3400 yr old pahoehoe lava 
flows are situated adjacent to one another. The nitrogen-fixation study was carried out on 
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Table 1. Climate data for the young-flow study sites on 
Mauna Loa, Hawai'i. Data for the 290-m-
elevation site are firom weather station 89.5, Hilo 
Mauka, at 290 m and are courtesy of the 
Commission on Water Resource Management 
(State of Hawaii 1970), except for temperature, 
which is interpolated form Juvik and Nullet 
(1994). Climatic average rainfall data are fi-om 
Giambelluca et al. (1986) as cited by Juvik and 
Nullet (1994). All other values are determined 
from Juvik and Nullet (1994). "N.d." indicates no 
data. 
Elevation Mean Mean armual AET 
annual precipitation 
temperature 
1991-1993 Climatic 
average 
m °C cm/yr cm/yr 
290 
700 
1130 
1660 
21.7 
19.3 
15.5 
13.1 
n.d. 
342 
304 
145 
415 
569 
428 
277 
131 
88 
91 
113 
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four young-flow sites at elevations of 290, 700, 1130, and 1660 m and on the two old-flow 
sites at 700 and 1660 m. In each site we established permanent 50 x 100 m plots on young 
and old pahohoe lava flows mapped by Lockwood et al. (1988). The plots were laid out on 
a grid such that locations of transects or sample locations within a plot were selected 
randomly by using a random number table to determine their x, y coordinates. 
Soils are Lithic tropofolists, a class of Histosol (Sato et al. 1973), described more 
fiilly by Raich et al. (in press). The sites are dominated by a single species in the overstory, 
Metrosideros polymorpha, and Dicranopteris in the understory. The climatic average mean 
annual rainfall ranges from 2770 mm at the upper elevation to 5690 mm at mid-elevation, 
with the lower elevation having an intermediate of 4150 mm (Table 1, Juvik and Nullet 
1994 and State of Hawai'i 1970). Mean annual temperatures along the elevational gradient 
range from 13-22°C (Juvik and Nullet 1994 and State of Hawai'i 1970). 
Decomposition 
Field and laboratory 
To evaluate the effects of site-characteristics and substrate-quality and their 
interaction on decomposition rates and nutrient release in Dicranopteris, we measured leaf 
decomposition three ways, corresponding with previous work on Metrosideros by Vitousek 
et al. (1994). First, to determine the effect of site factors, leaves from a single site were left 
to decompose at all four sites. In this experiment we used leaves from the old-flow site at 
700 m, hereafter referred to as "common leaves". Second, to examine the effect of 
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substrate quality, leaves from all four sites were decomposed at a single site, the old flow at 
700 m, hereafter termed the "common site" experiment. Finally, to test the combined 
effects of both substrate quality and site characteristic factors, we set out leaves to 
decompose in their site of origin, the "in situ" experiment. 
We conducted a separate decomposition study for the fern "stems", technically leaf 
petioles. Stems comprised a significant proportion ofPicranopteris litter produced, up to 
65 % at the old-flow site at 700 m. The stems appeared to be inherently less decomposable 
than leaves, in that they constituted 81% of the dead organic mass ofPicranopteris at that 
site (Russell et al. in prep.). Stems from a single site, the old flow at 700 m, were 
decomposed at all four sites. 
All of these studies were conducted using the tethered-leaf method (Swift et al. 
1979) as in Vitousek et al.'s (1994) studies of Metrosideros. The advantage of this 
method is that the decomposition microenvironment is little altered and there is complete 
access for decomposers to the leaves. The main disadvantage is that when the leaves reach 
the fragmentation stage, decomposition cannot be distinguished from comminution, so that 
the method is suitable only for the initial (< 2 yr) decomposhion stages of leaves. 
Dicranopteris leaves and stems are marcescent, that is, they do not abscise upon 
death. Hence, they form a 0.5-m- to >3-m-thick canopy of decomposing leaves 
aboveground. To simulate natural decomposing conditions, the leaves and stems were tied 
to cord strung 1-2 m above and parallel to the forest floor such that the experimentally 
118 
decomposing leaves were distributed within the natural canopy of the marcescent fern 
leaves. In contrast, Metrosideros leaves abscise and fall to the ground to decompose. 
For all leaf decomposition experiments, we collected newly senesced leaves that 
had finished resorbing nutrients, as determined fi-om a resorption study (Russell et al. in 
prep.). Stems were classified as "newly senesced" if the parenchyma was no longer green 
yet the epidermis still maintained a shiny, cutinaceous coating. We used such a large 
number of leaves for this study that essentially, we harvested all of the newly senesced 
leaves within a site over a 2-week period in June. The study leaves were air-dried and 
weighed individually; a subsample was dried again at 65°C, and then reweighed to 
determine air-dry to oven-dry conversion factors. Leaves were tied, evenly spaced, along a 
string of 40-cm-long fishline, five leaves per string. An aluminum tag with a unique 
number was attached at the top of each string. Thus, each individual leaf could be 
identified by its string number and position on the string. The strings of leaves were set out 
on three transects per site. Locations of the 4-m-long transects were randomly selected, 
one within each quadrant of the plot, using a random number table to determine their x, y 
coordinates. At each transect, leaves from each source were set out for each of seven 
decomposition periods begirming in July, 1991: 0, 0.5,4, 8,12,18, and 24 mo. A total of 
420 leaves were set out at the old flow site at 700 m whereas 210 leaves were left to 
decompose at the other sites. The time=0 collection provided the control for biomass loss 
due to handling. These samples were taken to the field, tethered along the transects along 
with the rest of the leaves and then immediately untied and transferred back to the lab for 
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processing for analyses of initial chemistry. The study was terminated when mass loss by 
fragmentation was evident. For leaves this occurred at 24 months in all sites except on the 
young flow at 700 m where it occurred by 18 months. 
Newly senesced stems were harvested, air-dried, and weighed individually. An ~5-
g sample was cut from the ~25-g air-dried stem segment and redried at 65°C for the air-dry 
to oven-dry conversion factor. This same segment was then ground in a Wiley mill for 
analyses of initial chemistry. A single stem was tethered by fishline and identified using an 
aluminum tag. The stems were set out on four transects per site, the three used in the leaf 
decompostion study plus one additional transect. Beginning in March 1992, a total of 64 
stems were decomposed over five periods: 0, 4,16, 28, and 42 mo. 
Substrate quality has been characterized by the tissue nitrogen, phosphorus, lignin, 
and cellulose concentrations and their ratios, as well as the ratio in the tissue of recalcitrant 
to labile compounds (Swift et al. 1979; Schlesinger and Hasey 1981; Melillo et al. 1982; 
Aber et al. 1990). We analyzed these constituents on the initial sample, and each 
subsequent collection. The five leaves in a given string were composited for chemical 
analyses, dried at 65°C, and then ground in a Wiley mill. Analyses of leaf tissue for N and 
P were performed colorimetrically after persulfate digestion, as described by Vitousek et al. 
(1988.), (Technicon Instrument Systems 1976) at Stanford University. Analyses for lignin, 
cellulose, and insoluble ash plus silica were conducted at Iowa State University using the 
methods described by Van Soest and Wine (1968). We ran duplicates for each sample to 
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control for laboratory error in measurements, and compared N and P concentrations with 
NBS standard citrus and pine tissue. 
Data analysis 
Nutrient contents were determined by multiplying the mass per individual leaf or 
stem by the corresponding nutrient concentration for the composited leaves or individual 
stems. The fraction of organic matter and nutrient masses remaining at time t were 
computed as the mass remaining at time t divided by the initial mass. 
A first-order exponential decay model was used to summarize the results and 
compare decomposition rates among sites and substrates (cf Olson 1963). The value of k 
represents the slope, or exponential decay constant in the regression of the log of the 
fraction of the initial mass remaining as a fiinction of time, described by the equation: 
In Mt = X - kt 
Mo 
where Mo = mass at time=0, Mt = mass at time t, x = the intercept (Swift et al. 1979, 
Vitousek et al. 1994). At the 700-m young site, k values for leaves were calculated using 
only 18 months of data because fragmentation occurred after that time. Otherwise, k 
values were calculated using data for 24 months for leaves and 42 months for stems. 
Nutrient dynamics during decomposition were interpreted according to a four-phase 
model (Aber and Melillo 1980; 1982; Berg and Staaf 1981). The first phase consists of 
nutrient leaching wherein the easily leachable cytosol contents leak out as cell membanes 
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rupnire (cf. Berg and Staaf 1981). The collections at time = 0.5 mo for leaves and time = 4 
mo for stems were designed to represent the end of this initial phase. The second phase 
consists of nutrient immobilization during which the amount of nutrients in the 
decomposing litter steadily increases until the litter approaches a C:N ratio favoring 
element releases where phase three begins. The time of nutrient release was defined as the 
point at which the nutrient content decreased to less than 80% of the initial amount. This 
conservative definition takes into account decreases in nutrient amounts resulting from 
initial leaching or variability due to laboratory techniques (Vitousek et al. 1994). Finally, 
phase four consists of the point at which the C:N ratio reaches that of the soil, and the litter 
has become soil organic matter. 
ANOVA and the Bonferonni multiple comparison test, where appropriate, were 
conducted on k values for each of the three experiments on leaves and the single stem 
experiment. 
Potential Nitrogen Fixation 
We used the acetylene reduction assay (ARA) to determine nitrogenase activity in 
Dicranopteris leaves, litter, and rhizomes firom the Mauna Loa sites. Nitrogenase is the 
enzyme responsible for biological nitrogen fixation; it catalyzes the reduction of 
dinitrogen to ammonium. This same enzyme catalyzes the reduction of acetylene (C2H2) to 
ethylene (C2H4) (Hardy et al. 1968). We converted acetylene reduced to nitrogen fixed by 
determining the ratio of acetylene reduced to '^Ni fixed in replicates run simultaneously 
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under similar environmental conditions. The mass of each substrate per imit area in each 
site had been determined in a previous biomass harvest in which all substrate within a 
knovm area was harvested, dried at 105° C, and weighed as described by Russell et al. (in 
prep.). 
We conducted an initial survey in July 1993 with the goal of identifying 
Dicranopteris substrates with the maximum potential nitrogenase activity, measuring ARA 
in five samples from each site. In this survey we collected substrates at randomly selected 
points. At each point, we sampled selectively within the dead leaf layer (sometimes >3 m 
thick), deliberately choosing substrates coated with cyanobacteria or other potential 
nonsymbiotic nitrogen-fixers. When we repeated the survey in July 1994, we again 
sampled at random locations, but also sampled representatively through all the layers of 
dead leaves. The 1993 sampling determined that nitrogenase activity of fern rhizomes was 
low, hence they were not resampled in 1994. In addition, we measured ARA in leaf litter 
from the old-flow site at 700 m in 1994. In the 1994 study, we collected ten random 
samples per site. Samples were composited by site and component (leaf or litter) and 
mixed well to reduce within-site effects. Before measuring ARA on ten ~5-g subsamples 
per site and substrate, we did the following to ensure that the asymbiotic nitrogen fixers 
were not limited by light or water. We placed each subsample in a 500-ml glass jar for 
three days under artificial light from Daylight 40W bulbs for 12 hr /day in the laboratory at 
Hawaii Volcanoes National Park (HVNP). Each subsample was misted daily vwth a total 
of ~8 ml of distilled water over the three-day period and covered vnth punctured plastic 
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wrap to keep the substrates hydrated. At the end of this three-day period, the septate jars 
were sealed and injected with 50 ml of high-grade, ultrapure acetylene (Scotty gases) to 
achieve a 9.1% concentration (v/v). The jars were shaken to thoroughly mix the gases and 
then vented just until they were equilibrated with atmospheric pressure. After we 
incubated the injected sample jars under grow lights for three hrs, we withdrew 10 ml of 
the gas sample. We then analyzed for ethylene using a Shimadzu GC8A gas 
chromatograph equipped with a Poropak N coliram. We used two types of controls as part 
of the experiment. Gas samples of acetylene were incubated with no substrate and 
analyzed to detect ethylene impurities in the acetylene. In addition, substrate samples were 
incubated with no acetylene to estimate ethylene produced via pathways other than 
acetylene reduction. 
For two of the sites, the young flow at 290 m and the old flow at 700 m, we 
calibrated ARA with '^N2. Substrates were incubated in 40-ml glass serum vials under the 
same treatment as in the above-described experiment. Half of the 32 vials per site were 
randomly selected at the end of the incubation period and injected with acetylene brought 
to a concentration of 9.1% (v/v) as previously described. The other 16 vials per site were 
injected with air (80% nitrogen, 20% oxygen) containing 99% '^N2. We injected the '^N-
air in 5-ml aliquots, mixing the gases thoroughly and then venting the vial just to air 
pressure. We repeated the process for a total of six times, not venting after the last 
injection, to achieve a final concentration of close to 49% '^N-amended air. Both sets of 
samples were incubated alongside the 500-ml jars of acetylene-amended samples for three 
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hours under grow lights. We removed the substrate from the '^N-amended vials at the 
same time and oven-dried them at 65°C for three days. Samples plus non-'^N-amended 
controls were ground and sent to University of California at Berkeley for analysis of 
using an automated nitrogen-carbon analyzer-isotope ratio mass spectrometer (ANCA-
IRMS, Europa Scientific, Crewe, U.K.). 
RESULTS 
Decomposition 
Dicranopteris leaves from the four sites decomposed at slightly different rates in the 
common site (Figure 1), but within-site variability was so high that differences were not 
significant at a = 0.05 (Table 2). Tissue contents (Table 3) indicated that this species' 
potential decomposability was low, as evidenced by high lignin and low nutrient contents, 
especially in stems. Although leaf nifrogen contents were significantly higher in the two 
old-flow sites, so were lignin contents. One possible explanation for the lack of difference 
in decomposition rates among the leaf substrates in the common site is that the ratio of 
N : lignin varied little among the sites: from 0.014-0.018. 
Decomposition rates of the common leaves were lower at the highest elevation 
(1660 m) site than at the young flow mid-elevation (700-m) site (Table 2, Figure 1) but no 
other differences were significant. Mass losses in stems were much lower than in leaves 
(Table 2, Figure 2). After >three years of decomposition, the common stem mass 
remaining at the four sites ranged from 63-81%, compared with 47-74% of the common 
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Common Site 
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Nitrogen 
I 
0 6 12 18 24 0 6 12 18 24 
Phosphorus 
—O— Young flow at 290 m 
—A - Young flow at 700 m 
Old flow at 700 nn 
• Old flow at 1660 m 
0 6 12 18 24 
Time in months 
1. Mass loss and element contents in Dicranopteris linearis leaves collected from four 
sites and set out to decompose in a single site (old flow at 700 m) on windward 
Mauna Loa, Hawai'i. Means (±SE) are based on n = 3 transects per site. 
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Table 2. Decomposition rate contants for newly senesced Dicranopteris 
linearis leaves and stems from Mauna Loa, Hawai'i sites. Leaf 
means (± SE) were based on six sampling times over 18 mo of 15 
leaves each time, 5 leaves at each of 3 transects, per site. Stem 
values were based on five collection times over 42 mo, n = 4 stems 
per site at each time. 
Decomposition rate, k (yr"')* 
Site Eleva­
tion 
Common 
leaves 
Leaves in 
common 
site 
Leaves 
in situ 
Common 
stems 
(m) 
Young Flows 290 
700 
0.31 ±0.07 
0.49 ±0.10 
0.31 ±0.03 
0.26 ±0.02 
0.23 ± 0.04 
0.33 ± 0.03 
0.06 ± 0.01 
0.05 ±0.01 
Old Flow 700 
1660 
0.40 ± 0.09 
0.17 ±0.01 
0.40 ± 0.09 
0.28 ± 0.07 
0.40 ± 0.09 
0.16 ±0.03 
0.14 ±0.03 
0.06 ±0.01 
* "Common leaves" and "common stems" from a single site (old flow at 700 
m) were decomposed at all sites. "Common site" represented leaves from all 
sites decomposed at a single site (old flow at 700 m). "Leaves in situ" were 
decomposed in their respective sites. 
Table 3. The components of newly senesced tissues of Dicranopteris linearis on Mauna Loa, Hawai'i sites. Nutrient 
concentrations after 12 months of decomposition for leaves and 16 months for stems are also included. 
Mean leaf concentrations of N and P (+S.E.) were based on n = 3 composited samples of 5 leaves each for 
leaves decomposed in situ. Stem nutrient concentrations were based on n = 4 for stems from a single site, 
the old flow at 700 m. Initial lignin/cellulose/ash concentrations were determined from n = 3 per site for 
leaves and n = 5 for stems. 
Site Tissue contents (% of dry mass) 
N P Lignin Cellulose Ash 
Initial 12 Months Initial 12 Months 
LEAVES 
Young Flows 
290 m 0.34 ±0.03 0.45 ± 0.03 0.026 ± 0.002 0.034 + 0.001 25 ± 0.4 34 ±1 3.8 ±1.1 
700 m 0.35 ±0.01 0.45 ±0.01 0.016 ±0.002 0.035 ±0.001 24 ±0.4 38 ± 1 3.0 ±1.1 
Old Flow 
700 m 0.54 ±0.06 0.64 ±0.04 0.033 ± 0.003 0.023 ±0.004 30 ± 0.4 38 ± 1 1.3 ±1.1 
1660 m 0.40 ±0.04 0.50 ±0.01 0.033 ± 0.006 0.026 ±0.001 27 ± 0.2 39 ± 1 1.1 ± 1.0 
STEMS 
Old Flow 700 m 0.21 ±0.02 0.30 ±0.06 0.016 ±0.002 0.020 ± 0.002 27 ±0.2 60 ± 1 0.8 ±0.8 
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—O— Young flow at 290 m 
—A - Young flow at 700 m 
—At— Old flow at 700 m 
- Old flow at 1660 m 
Common leaves Common stems 
0 12 24 36 48 
0 12 24 36 48 
0 12 24 36 48 
Time in months 
Fig. 2. Mass loss and element contents in Dicranopteris linearis leaves and stems 
collected from a single site (old flow at 700 m) and set out to decompose at four 
sites on windward Mauna Loa, Hawai'i. Means (+SE) are based on n = 3 
transects per site for leaves and n = 4 for stems. 
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leaf mass remaining after only 18 months at the same sites. Stems decomposed 
signficantly faster in the old-flow site at 700 m than in the other sites. 
For leaves decomposed in their own sites, decay rates were significantly lower at 
the old flow site at 1660 m than at the old flow site at 700 m (Figure 3, Table 2). Mass 
losses were negatively correlated with nitrogen concentrations of the decomposing litter 
(Figure 4). We assessed the relative importance of substrate quality and site characteristics 
by comparing decomposition rates among the three experiments. Effect of substrate 
quality was determined by regressing decay rates from the in situ experiment with rates 
fi-om the "common site" experiment (not significant); for site characteristics, we regressed 
decomposition rates in situ with rates of the "common leaves" in each site. Although the 
correlation of r = 0.84 was not signficant (p = 0.16), the relationship with site 
characteristics was stronger than that with substrate quality. 
Nutrient Immobilization and Net Release 
When all leaves were decomposed at the old-flow site at 700 m, leaves fi"om the 
two young-flow sites immobilized more nitrogen than did leaves from the old-flow sites 
(Figure 1). For leaves decomposed in situ, nitrogen was immobilized vwthin two weeks at 
the young flow at 290 m and the old flow at 700 m, but occurred later during 
decomposition at the other two sites (Figure 3). Dicranopteris stems immobilized N at all 
sites within the first four months of decomposition, with the percent of the initial nitrogen 
remaining ranging from 112% at the uppermost elevation site to 268% on the young-flow 
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Fig. 3. Mass loss and element contents in Dicranopteris linearis leaves set out to 
decompose in the sites in which they were collected on windward Mauna Loa, 
Hawai'i. Means (+SE) are based on n = 3 transects per site. 
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Fig. 4. Mass remaining as a function of nitrogen concentration in Dicranopteris linearis 
leaves set out to decompose in the site in which they were collected on Mauna 
Loa, Hawai'i. Means are based on n = 3 transects per site. Slope (hi) and 
correlation coefficient (r) calculations were based on means. 
132 
site at 700 m (Figure 2). Phosphorus immobilization varied without any discernible trend 
among the experiments. 
For leaves decomposed in situ, net release of nitrogen occurred as soon as -four mo 
at the upper-elevation site and as late as >24 mo at the lowest elevation site (Figure 3, 
Table 4). Similarly, phosphorus was released as early as four mo at the young-flow site at 
700 m and the uppermost elevation site, but P was not released until 24 mo at the lowest 
elevation site. Net release of N from stems occurred much later in decomposition, from 
14-31 months (Figure 2, Table 4). 
Potential Nitrogen Fixation 
We detected "hot spots" or locally high rates of nitrogenase activity of up to 22 nM 
C2H2 reduced-gdw''-hr"' in the 1993 sampling, especially in dead leaves at the young-flow 
site at 290 m and the old-flow site at 700 m (Figure 5). The rates were not uniformly high 
throughout the substrates, however. When the substrate was sampled representatively 
through the entire depth of the litter layer in 1994, mean rates of nitrogenase activity were 
lower. Maximum rates of 1.4 nM C2H2 reduced-gdw"'-hr"' occurred in dead leaves from 
the 700-m elevation sites (Table 5). For the young-flow site at 290 m and the old-flow site 
at 700 m, the mean (± SE) ratios of acetylene reduced to '^N2 fixed were 2.2 ± 1.2 and 2.4 
+ 1.9 respectively. 
Random / Selective Random / Representative 
• 
-
• 
-
• 
-
, • -
• • o 
• • • 
• S • 1 
1 1 1 1 1 1 1 
1 ! i • I 1 J 
1 1 1 1 1 1 1 -
290 700 1130 1660 700 1660 290 700 1130 1660 700 1660 
Young Old Young Old 
Elevation (m) / Substrate Age 
Fig. 5. Nitrogenase activity (acetylene reduction) in Dicranopteris linearis leaf litter in six sites on Mauna Loa, 
Hawai'i. Means in the random but selective sampling were based on n = 5 samples per site and in the random 
and representative sampling on n = 10 samples per site. 
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Table 5. Mass of dead leaf substrate and rates of acetylene reduction in 
Dicranopteris linearis substrates from Mauna Loa, Hawai'i. Mean 
rates (± SE) from 1993 randomly but selectively sampled substrates 
were based on n=5 samples. Means from the 1994 randomly and 
representatively sampled substrates were based on n=10 samples. 
The values denoted by were for decomposed leaf litter. "N.d." 
denotes not determined. 
Site Mass of Acetylene Reduction in 
dead leaf Two Substrates at 
substrate Two Sampling Times 
g/m^ 
Rhizomes Dead leaves 
1993 1993 1994 
Young flow at 290 m 220 0.35 ±0.13 3.60+ 1.55 0.60 ±0.15 
Young flow at 700 m 56 0.22 ±0.25 1.46 ±0.97 1.43 ±0.31 
Young flow at 1130m 209 n.d. ad. 0.42 ±0.15 
Young flow at 1660 m 0 n.d. 0.23 ±0.09 0.12 ±0.06 
Old flow at 700 m 441 0.08 ±0.09 10.99 ±4.36 1.35 ±0.46 
*691 *0.70 ±0.07 
Old flow at 1660 m 246 0.30 ±0.05 0.56 ±0.19 0.39 ±0.16 
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DISCUSSION 
Substrate Quality 
With >50% of the original leaf and >77% of the stem mass remaining after 2 yr, 
decomposition rates in Dicranopteris at our sites are low compared to most litter in tropical 
sites (Anderson and Swift 1983) and low even for tropical montane forests (Taimer 1981). 
However, our decay rates for Dicranopteris after one year at the 700-m elevation site in 
Hawai'i are similar to those obtained by Maheswaran and Gunatilleke (1988) for that 
species in Sri Lanka at a similar elevation and imder similarly high rainfall, even though 
their study leaves were decomposed on the ground. These low decomposition rates for 
Dicranopteris litter are predictable at most of our sites according to Meliilo et al.'s (1982) 
relationship between decomposition constant, k, and the ratio of initial lignin to nitrogen 
concentration, x, where k = 8.35 x For three of our sites, experimentally determined 
k-values are within 0.06 units of the predicted values; however, at the old-flow site at 
1660 m, k is nearly half that predicted by Meliilo et al.'s (1982) equation. 
Dicranopteris "stems", technically petioles, are much less decomposable than its 
leaves or even wood dowel rods (Vitousek et al. 1994). At the old-flow, post-dieback site 
at 700 m, where net primary production of stems is 325 g-m'^-yr"', dead stems comprise a 
mass of 1441 g/m^ (Russell et al. in prep.). Thus, a stem turnover coefficient of 0.23, as 
estimated by the ratio of NPP to dead mass, is extremely low - lower than values reported 
for any tropical and even temperate litter (Anderson and Swift 1983). After the dead stems 
have fallen into the litter layer, they remain so sturdy that they create a meshwork that 
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serves as an effective litter trap, thereby facilitating the formation of a 5780-g/m litter 
layer perched ~1 m aboveground at that site (Raich et al. in press). The mat-forming 
ability of Dicranopteris that results from low stem decomposition rates profoundly 
influences not only colonization at the site, but also soil genesis and ecosystem 
development. 
Site Effects 
For leaves decomposed in their own site, our sample sizes were too small to regress 
the site explanatory variables of mean annual temperatxire, precipitation, and AET on the 
response variable, k, the decay constant. However, the trend was that temperature and 
AET did not have an effect on decomposition rate; precipitation was the only variable that 
appeared to be correlated with decomposition rate. The lack of effect of AET on 
decomposition rate was evidenced also by the fact that annual mass loss in Dicranopteris 
leaves was not well-predicted by Meentemeyer's (1978) equation relating mass loss to 
AET and the ratio of AET to lignin. This relationship overestimated mass loss by a factor 
of 1.6 to 3.7 over our range of sites even though it included one aspect of substrate quality. 
Temperature controls many of the biological processes involved in decomposition. 
However, because the fern's decomposition rates were low at our site with the highest 
mean armual temperature, some other factor must be overriding the effects of temperature 
on fern decomposition. The most likely explanation is that the positioning of litter 
aboveground influences decomposition rates. The marcescent trait prevents Dicranopteris 
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litter from coming into direct contact with soil fungi and microfauna decomposer 
organisms. In addition, the aboveground decomposing microenvironment is more variable 
in terms of moisture conditions, being characterized by a greater frequency of drought than 
occurs on the forest floor. The idea that droughtier conditions aboveground decrease 
decomposition rates is consistent with the finding that decomposition rate increased with 
precipitation. 
Nutrient Immobilization and Net Release 
N immobilization in Dicranopteris leaf litter was slightly lower at our sites in 
Hawai'i compared to Sri Lankan sites, based on reported nutrient concentrations and mass 
losses (Maheswaran and Gunatilleke 1988). However, N immobilization in stem litter was 
high: we measured 268% and 181% of the initial N mass at four months in stems that were 
decomposed in the young- and old-flow sites, respectively, at 700 m. The slowly 
decomposing stems may indeed accumulate nitrogen. As in the Sri Lankan forests 
(Maheswaran and Gunatilleke 1988), the important effect may be that nutrient losses are 
prevented in sites dominated by Dicranopteris. Even though the Mauna Loa sites were not 
disturbed, as were the Sri Lankan sites, the young primary successional sites are nitrogen 
starved; therefore, any decrease in nitrogen loss from the system can be important to the 
forest nitrogen budget. 
An important feature of nutrient immobilization in Dicranopteris is that uptake of 
inorganic N and P from the soil-litter system cannot occur. Because decomposition occurs 
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aboveground, the fungal hyphae connections do not exist as in leaves that decompose on 
the forest floor. Thus, all of the N and P immobilized in the decomposing litter come fi-om 
allochthonous inputs such as precipitation, insect frass, and biological fixation. Although 
Dicranopteris litter does not compete for nutrients immobilized by plants or microbes in 
the forest floor or belowground, its thick layer of marcescent leaves must be quite effective 
in intercepting nutrients from precipitation and other allochthonous sources aboveground. 
Comparisons with Metrosideros 
Aboveground net primary productivity (ANPP) of Dicranopteris was similar to that 
of Metrosideros at all sites except the old-flow site at 700 m (Russell et al. in prep.). To 
evaluate further whether Dicranopteris shapes the dynamic processes of organic matter and 
nutrient cycling at these sites, we compared the two species in terms of their potential 
decomposability and trends in decay constants, immobilization, and nutrient release at 
three comparable study sites described by Vitousek et al. (1994). 
This fern's leaf quality characteristics were remarkably similar to those of 
Metrosideros in terms of nutrient and lignin concentrations at these sites (Vitousek et al. 
1994). Mean decomposition rates were similar in the two species: Metrosideros ranged 
from 0.31 to 0.41 and Dicranopteris ranged fi:om 0.26 to 0.40. Trends in decomposition 
rates in the two species were similar on the old flow in that the rates declined with 
increasing elevation (Vitousek et al. 1994). The unexpected result was that decomposition 
rates of Dicranopteris leaves did not decline with increasing elevation on the young flows 
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as was the case in Metrosideros. We attribute this result to the difference in decomposing 
microenvironments for the two species. Metrosideros leaves abscise and decompose on the 
forest floor. 
Nutrient immobilization rates in Metrosideros and Dicranopteris did not appear to 
differ dramatically (Vitousek et al. 1994). In general, nutrient release occurred more 
quickly in Dicranopteris leaves, from four to eight months compared with net release times 
of 25 months or longer from Metrosideros (Vitousek et al. 1994). 
Potential Nitrogen Fixation 
We calculated potential nitrogen fixation rates in these sites by assuming that the 
rates measured were representative of field rates throughout the year. Because these sites 
receive such high amounts of rainfall, we considered this to be a tenable assumption. We 
assumed also that the ratio of acetylene reduced : N2 fixed in sites where it was not 
measured was similar to that in sites for which we have measurements. We used the 
results in Table 2 and the masses of the substrates (Table 5) to compute potential nitrogen 
fixation: 
N fixed = ('^N? fixed) x (C7H? reduced) x mass of substrate 
(C2H2 reduced) (mass of substrate) 
Potential nitrogen fixation rates in Dicranopteris leaf litter ranged from 0 to 0.66 
kg-ha''-yr''. Rates are similar to rates reported by Vitousek (1994) for the lichen 
Stereocaulon. liverworts, and for Metrosideros leaf litter on 27-2000 yr-old lava substrates 
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on Kilauea Volcano, Hawai'i (Table 6). The mean rates of acetylene reduction determined 
for Dicranopteris in our study sites are relatively low compared to rates for other species 
observed in primary successional sites in cloud forests on Guadeloupe (Fritz-Sheridan 
1987, Fritz-Sheridan and Portecop 1987, Sheridan 1991) and are much lower than inputs 
from rainfall (Vitousek 1994). The rates are somewhat lower also than those observed in 
temperate-zone studies (Roskowski 1980, Silvester et al. 1982, Silvester 1989). 
In contrast, acetylene reduction rates (on an areal basis) in Dicranopteris leaf litter 
in a Sri Lanka forest were substantially higher than our mean rates. A rough estimate of 
potential nitrogen fixation rates from the Maheswaran and Gunatilleke (1990) data yields 
estimates of ~ 3 kg-ha"'-yr'', over four times the highest mean rate for our sites. However, 
in our first (1993) acetylene reduction study we detected maximum rates of nitrogenase 
activity of 22 nM C2H2 reduced-gdw"'-hr'', which would translate into potential nitrogen 
fixation rates of 6 kg-ha''-yr"'. Thus, localized "hot spots" of potential nitrogen fixation do 
occur, but are not uniformly high throughout the entire substrate. 
Although N inputs via asymbiotic fixation in Dicranopteris litter are low, even 
small N inputs can increase net primary productivity and accrue over successional time in 
nitrogen-starved systems. However, of the known sources of N in these ecosystems, 
contributions via precipitation clearly dominate the inputs. 
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Table 6. Potential nitrogen fixation (kg-ha"'-yr"') in Dicranopteris 
linearis substrates on Mauna Loa sites compared with 
other substrates in Hawai'i. Potential nitrogen fixation 
rates were estimated from rates of acetylene reduction as 
described in the text. 
Substrate / Site 
Dicranopteris leaf litter 
Young flow at 290 m 
Young flow at 700 m 
Young flow at 1130 m 
Young flow at 1660 m 
Old flow at 700 m 
Old flow at 1660 m 
Potential 
Nitrogen 
Fixation 
ka-ha"'-vr"' 
0.08 
0.05 
0.05 
0.00 
0.66 
0.06 
Source 
This study 
Stereocaulon lichen 
Kilauea - 27 yr old (DT) 0.19 Vitousek 1994 
Liverwort 
Kilauea - 200 yr (TH) 
Kilauea-2000 yr(OL) 
0.37 
0.44 
Vitousek 1994 
Metrosideros leaf litter 
Kilauea - 27 yr (DT) 
Kilauea - 200 yr (TH) 
Kilauea - 2000 yr (OL) 
0.01 
0.33 
1.29 
Vitousek 1994 
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Ecosystem-level Consequences 
Detritus accumulation, and consequently soil organic matter amounts, represent the 
balance between litter inputs from plant production and losses via decomposition and 
consumption by soil heterotrophs. This fern's productivity is high, but its decomposition 
rates are low compared to most tropical species (Anderson and Swift 1983), even in warm, 
moist sites. Therefore, Dicranopteris is an important contributor to soil detritus pools on 
pahoehoe lava substrates on Mauna Lea, especially at elevations ^700 m. In these young 
successional sites, there is virtually no mineral soil; therefore, plant detritus is the soil. In 
these ecosystems that begin their existence with no soil whatsoever, any species that 
contributes detrital mass therefore exerts an important influence on ecosystem 
development. Accumulation of detrital mass influences the rooting depth for all plants, the 
nutrient storage capacity, and the water-holding capacity of the soil. As a result of its slow 
decomposition rates, Dicranopteris builds soil, even at low elevations where one would 
expect decomposition rates to be high. If Dicranopteris were to be replaced by an exotic 
species possessing higher decomposition rates, especially at lower elevations, soil detritus 
accumulation rates would decrease, altering not only colonization but also ecosystem-level 
processes such as organic matter and nutrient cycling. 
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CHAPTER 3. THE INTERPLAY OF SEXUAL AND VEGETATIVE 
REPRODUCTION IN DETERMINING GENETIC DIVERSITY IN 
DICRANOPTERIS LINEARIS CLONES ON MAUNA LOA, HAWAIT 
A paper to be submitted to Biotropica 
Ann E. Russell, Tom A. Ranker and Chrissen Gemmill 
Abstract 
The clonal, mat-forming fern, Dicranopteris linearis, dominates vast areas of wet 
rainforests on windward Mauna Loa, Hawai'i. We used isozyme analysis to determine the 
minimum number of clones on 0.5-ha sites on young, 136-yr-old, and old, 3400-yr-old 
pahoehoe lava substrates. We determined how the minimum number of clones varied over 
the species' broad elevational range on Mauna Loa volcano. We related the fern's 
phenotypic plasticity with respect to leaf pubescence to its genotypic diversity. We 
evaluated the relative importance of vegetative and sexual reproduction in the initial 
colonization of a site by this species. We also interpreted the isozyme data with respect to 
type of mating systems possible for this species. 
Genetic diversity in this species is low, despite the fact that the species 
demonstrates a high degree of morphological plasticity; of the 32 putative loci 
investigated, only four were variable, with two to three alleles per locus. Over the 17 study 
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locations on Maima Loa and Kilauea Volcanoes, we identified nine unique multilocus 
genotypes based on the unique combinations of allozymes. Seven of the nine genotypes 
were heterozygous for at least one locus, indicating that they were the result of outcrossing. 
Genetic diversity did not vary in a systematic way with respect to elevation or substrate age 
over the range of sites on Mauna Loa and Kilauea. Each 0.5-ha site on Mauna Loa was 
comprised of a minimum of two to four clones. Sexual reproduction via outcrossing was 
the predominant means of reproduction during the initial colonization of young, primary 
successional pahoehoe lava flows on Mauna Loa. However, vegetative growth is 
extremely important in completing the colonization process by this species. 
INTRODUCTION 
The clonal growth habit, whereby a plant enlarges by the process of growth, is one 
of the most common forms of asexual reproduction in plants (Cook 1983, Hartnett and 
Bazzaz 1983). The clone, or genet, is the set of genetically identical ramets that constitute 
the individual organism (Harper 1977). Botanists have long realized that clonal plants can 
be quite large and probably very old as well (Cook 1983). One well-documented example 
is that of quaking aspen, Populus tremuloides. which holds the current record as the most 
massive individual organism (Grant et al. 1992). The largest documented fern clone was a 
489-m-long clone of bracken (Pteridium aquilinum). dated as 1400 years old (Oinonen 
1967). 
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The advantages of clonal growth habit are many. Population growth by vegetative 
reproduction may occur over large distances, thus permitting rapid colonization and habitat 
exploitation. This may facilitate the clonal species' local dispersal, local persistance, and 
active habitat selection (Silander 1985a) and resuh in its resistance to invasions by other 
species. If the individual ramets are physically connected, the potential exists for 
physiological integration, and hence translocation of water, minerals and photosynthates 
among the ramets (Hartnett and Bazzaz 1983, Noble and Marshall 1983, Pitelka and 
Ashmun 1985, Salzman and Parker 1985, Alpert and Mooney 1986, Schmid et al. 1988, 
Shumway 1995). As a consequence, empirical and modeling studies have shown that 
resource sharing among ramets can result in increased total growth of the clone (Alpert and 
Mooney 1986, Alpert 1991, Caraco and Kelly 1991). However, resource sharing requires 
energy expenditure and metabolic costs (Epstein 1972, Pitelka and Ashmun 1985, Caraco 
and Kelly 1991), and thus may not always increase the fitness of the clone (Abrahamson et 
al. 1991). Another advantage of the clonal growth form is that sexual reproductive costs 
may be lower. Also, because somatic differentiation is retained in the population, and 
sterile units are propagated, a well-adapted genotype is replicated (Silander 1985a). The 
main disadvantage of the clonal habit is that a functionally integrated clone would be more 
vulnerable to attack by systemic pathogens than would a population composed of 
genetically diverse individuals (Cook 1985). The death of a single, large, integrated clone 
would result in die-back over an extensive area. Forest floor microenvironments would be 
altered by the resulting changes in organic matter inputs and understory light regimes, thus 
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influencing species-specific patterns of regeneration, and thus, community-level dynamics. 
Organic matter and nutrient cycling processes might well be influenced by die-back of a 
large individual clone, thus altering ecosystem-level dynamics. 
Dicranopteris linearis, a clonal, mat-forming fern in the Gleicheniaceae, dominates 
vast areas of the understory of Hawaiian rain forests (Russell et al. in prep.). On the island 
of Hawai'i, which has three active and two inactive volcanoes, Dicranopteris colonizes 
both recently deposited and old lava flows. The lava emanating from a single eruption can 
extend from the volcano summit to the sea. As soon as the lava flow cools down, it 
constitutes a new, continuous subsfrate available immediately for colonization over a broad 
elevational range. Thus, the potential exists that a clonal species such as Dicranopteris 
could spread by means of vegetative reproduction over the ~30-km distance of its range 
from 0 to 1700 m elevation in the relatively undisturbed forests on windward Mauna Loa 
Volcano. Situated -4000 km from the nearest continent, the Hawaiian Islands are the most 
geographically isolated islands on earth. Therefore, one might expect that because diaspore 
sources are far away, vegetative reproduction has been very important in the colonization 
of these islands by plants. Dicranopteris contributes substantially to ecosystem-level net 
primary productivity (NPP), accounting for up to 74% of the aboveground NPP (Russell et 
al. in prep.). Therefore, if these clones are large, the death of a single individual could 
potentially alter organic matter and nutrient cycling in these Hawaiian rain forests. Our 
first objective was to determine the approximate size of these Dicranopteris clones. 
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The ecological question of what limits a species' distribution has an evolutionary 
perspective as well. Variation in genetic diversity from the center to the periphery of its 
range has been used to provide an evolutionary basis for explaining the limits to a species' 
distribution (Silander 1985b). One possible scenario is that genetic diversity decreases 
from the center to the periphery of a species' range. One might expect a lower genetic 
diversity at the periphery of the range due to founder effect and limited gene flow. If that 
were the case, the species would be more limited in its ability to respond to natural 
selection at the periphery, and thus limited in its adaptability to new environmental 
conditions at the limits of its range. However, theory and experimental studies in plants 
have yielded all possible results: increase, decrease and no change in genetic diversity from 
the center to the margin of a species range (Silander 1985b). In this study of Dicranopteris 
across its entire range on Mauna Loa, we observed how genetic diversity varied from the 
center to the periphery of its elevational distribution. 
We used isozyme analysis to address four main objectives concerning the genetic 
diversity of Dicranopteris clones on Maima Loa Hawai'i. First, we identified the minimum 
number of clones within a given area by determining the spatial distribution of unique 
multilocus genotypes. Second, we determined how the minimum number of clones varied 
over its entire elevational range on Mauna Loa Volcano. Third, Dicranopteris exhibits a 
fair degree of phenotypic plasticity in terms of the pubescent condition of the lower leaf 
surface. Varieties, subspecies and even separate species of this fern have been described 
primarily by the degree of leaf pubescence in Hawaii (Degener 1940, Degener 1975). We 
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investigated the relationship between variation in this phenotypic trait and genotypic 
variation as indicated by allozymes. Finally, we evaluated the relative importance of 
vegetative and sexual reproduction in the colonization of a site. We investigated the types 
of mating systems possible for this species by determining their allozyme characteristics. 
METHODS 
Study Sites and Field Methods 
We sampled Dicranopteris linearis on the east flanks of Mauna Loa and Kilauea 
Volcanoes on the island of Hawai'i, spatially referencing each sample leaf and classifying 
it by its lowrer leaf pubescence at the time of collection, before isozyme analyses were 
performed. 
The study was conducted primarily on five sites on Mauna Loa at three elevations; 
290, 700, and 1660 m (Fig. 1). The ages of the basaltic pahoehoe lava substrates have been 
determined by Lockwood et al. (1988). At two of these elevations, 700 and 1660 m, 
adjacent sites were located on an older "island" of lava surrounded by a younger lava flow. 
The yoimger lava flow was 136 yr old whereas the older flow was -3400 yr old (Lockwood 
et al. 1988). The lowermost site was situated on a 110-yr-old lava flow. Hereafter, the 
110- and 136-yr-old lava flows are referred to as "young" flows and the ~3400-yr-old flow 
as the "old" flow. The geographic distance between the three elevations were as follows: 
from 290-700 m, 8.4 km; from 700-1660 m, 17 km; and from 290-1660 m 25 km. The 
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FIG. 1. Study site locations on windward Mauna Loa and Kilauea Volcanoes, Hawai'i, 
USA. Elevation contours are in 600-m intervals. On Kilauea, only sites at the 
uppermost and lowermost elevations are indicated. Map is modified from 
Juvik and Nullet (1994). 
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cover of Dicranopteris was mostly continuous at all sites making individual clones 
indistinguishable, with one exception. On the young flow at 1600 m the cover was so 
sparse that individual clones were distinct. Other characteristics of these sites are 
described elsewhere (Raich et al. in press, Russell et al. in prep.). To summarize, all of the 
Mauna Loa sites are underlain by pahoehoe, a ropy-textured lava of monolithic, planar 
slabs, characterized by high porosity and thus, rapid drainage early in succession. Soils are 
Histosols, composed mainly of decayed organic matter which is very high in water holding 
capacity. Soils are shallow, ranging in depth from <1 cm at the highest young-flow 
elevation to 22 cm at the old-flow site at 700 m. Organic matter accumulates in the cracks 
between the slabs of lava, especially on the young-flow sites. At the young-flow site at 
1660 m, most of the soil occurs in these cracks. 
Permanent 50 x 100 m plots had been established previously at the five sites on 
Mauna Loa. The x, y coordinates had been surveyed and identified by labeled metal rods 
embedded in the lava bedrock at 10-m intervals defining the perimeter and midline of each 
plot. We sampled most intensively at the 1660-m elevation, the upper elevational limit for 
the species on Mauna Loa. At the old-flow site at 1660 m, we located every point at 10-m 
intervals on the plot grid. We then harvested a single leaf of Dicranopteris that touched or 
came closest to each of those 66 sampling points. The fern was present at 61 of the 
sampling points. Dicranopteris was absent from the lower comer of the plot. On the 
young-flow site at 1660 m there were only five small (< 1 m^ in area) clones of 
Dicranopteris. Of the five clones, all but two were so widely separated spatially that they 
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could be distinguished as separate individuals. The five clones on the permanent plot were 
not sampled so as not to interfere with other ongoing studies of growth in these small 
clones. Instead, nine nearby clones of similar size were sampled. These clones were 
situated on the same lava flow and at the elevation such that their locations could be 
referenced by the x,y coordinates of the permanent plot on that flow. A single leaf was 
randomly selected from each clone. The three remaining Mauna Loa sites were less 
intensively sampled. We sampled at 10-m intervals around the perimeter and across the 
midline for a total of 34 leaves per site. 
We conducted a very limited amount of sampling on Kilauea Volcano to determine 
whether a given genotype occurred at roughly similar elevations on both volcanoes. On 
Kilauea Volcano, we sampled a single leaf from each of 12 physically separate locations in 
Hawai'i Volcanoes National Park (HVNP) ranging in elevation from 1030 to 1300 m and 
at distances apart of 0.5 to 5 km (Fig.l). We did not establish permanent plots at these 
sites, and envirormiental information about the locations is not as complete as for the 
Mauna Loa sites. The location at the lowest elevation constitutes the lower limit of the 
fem's range along Chain of Craters Road in HVNP, where presumeably, the fern is limited 
by lower precipitation. The substrates in this area of very active volcanism on Kilauea are 
complex. However, all locations had received fresh inputs of either tephra or pahoehoe 
lava within the last 300 years (Holcomb 1987). 
Before placing the harvested leaf in a plastic bag labeled for its location on the x, y 
grid, we recorded the condition of the leafs lower surface in terms of its pubescence. Each 
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leaf was categorized as having one of three possible conditions. 1) "Glabrous" leaves had 
no hairs at all. This category included leaves that were slightly glaucous and corresponded 
to the description of of Dicranopteris linearis var. maxima (Degener 1975). 2) 
"Puberulent" leaves had few, short stiff hairs. This category corresponded to Degener's 
(1975) "intergrade" of the D. linearis with D. emarginata. 3) "Tomentose" leaves were 
wooly with fulvous, branching hairs, corresponding to Degener's (1975) description of D. 
emarginata. 
All sample leaves were harvested at the same developmental stage: newly fiilly 
expanded and not yet containing mature sori. The bagged leaves were kept cool on ice in 
the field. The leaves were then refrigerated until they were sent by air within five days of 
collection to the University of Colorado at Boulder for isozyme analyses. 
Electrophoretic Procedure 
Isozyme analysis was used to identify individual clones, as in other studies where it 
was impossible at most sites to discern individuals among the meshwork of interwoven 
rhizomes by visual means (Bedford et al. 1988, McClintock and Waterway 1993). All 
leaves were analyzed for electrophoretically detectable enzyme variation according to the 
methods described by Ranker et al. (1989). The following 13 enzymes were assayed: 
ALD, EST, FBP, GOT, HK, IDH, LAP, MDH, 6PGD, SDH, and TPI. 
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RESULTS 
Of the 13 enzyme systems assayed, 32 putative loci were investigated. Only four of 
the 32 loci v^^ere variable, with two to three alleles per locus. Over all 17 locations 
sampled, we identified nine unique multilocus genotypes based on the imique combinations 
of the allozymes (Table 1). Of the nine genotypes, seven of them, A, B, D, F, G, H, and I, 
were heterozygous at >one locus and thus, were definitely the result of outcrossing. 
We detected two to four genotypes per site on Mauna Loa (Fig. 2 and 3). The most 
vwdespread genotype, "A", was found at all but the lowest elevation. On Kilauea, leaves 
from 11 of the 12 different locations were of genotype "G" while the remaining location 
sampled was of genotype "I". 
All leaves were categorized according to their genotype and degree of leaf 
pubescence (Table 2). These data not meet the criteria for conducting statistical tests. 
However, the trend was that leaf pubescence depended more on substrate age than on 
genotype (Table 2). At the 290- and 700-m elevations, pubescent leaves were more 
prevalent on the young flows. The uppermost elevation sites were not consistent with this 
trend, however. 
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TABLE L Description of multilocus genotypes of 
Dicranopteris linearis on windward 
Hawai'i. Abbreviations are as follows; 
MDH = malate dehydrogenase; PGI = 
phosphoglucose isomerase; PGM = 
phosphoglucomutase. 
Genotype 
designation 
MDH-3 PGl-2 PGM-1 PGM-2 
A 1/2 2/2 2/2 1/1 
B 2/2 2/2 2/2 1/1 
C 2/2 1/2 2/2 1/1 
D 2/2 2/2 1/2 1/1 
E 2/2 2/2 1/1 1/1 
F 1/2 2/2 1/1 1/2 
G 1/2 2/2 1/1 1/1 
H 1/2 2/2 2/2 1/2 
I 1/2 2/2 1/1 1/3 
Genotype 
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FIG. 2. Location of unique multilocus genotypes on two lava flows at 1660 m elevation on Mauna Loa, Hawaii. Distances 
(m) correspond to position with respect to permanent plots. Crosses indicate locations of clones of undetermined 
genoptype on the permanent plot. Dashed line represents perimeter of permanent plot on young flow. Genotypes are 
as defined in Table 1. Black symbols represent genotoypes that are heterozygous for at least one locus. 
Elevation: 
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FIG. 3. Location of unique multilocus genotypes on three lava flows at two elevations on Mauna Loa, Hawaii. Distances (m) 
correspond to position with respect to permanent plots. Genotypes are as defined in Table 1. Black symbols 
represent genotoypes that are heterozygous for at least one locus. 
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TABLE 2. Leaf pubescence and genotype of 
Dicranopteris linearis on windward 
Mauna Loa, Hawai'i sites. 
Young flow at 290 m 
Condition Genotype 
F G H I Total 
Glabrous 0 2 0 0 2 
Puberulent 2 5 0 1 8 
Tomentose 9 13 1 1 24 
Total 11 20 1 2 34 
Young flow at 700 m 
Condition Genotype 
A H Total 
Glabrous 5 3 8 
Puberulent 6 2 8 
Tomentose 18 0 18 
Total 29 5 34 
Young flow at 1660 m 
Condition Genotype 
A B D E Total 
Glabrous 0 0 4 1 5 
Puberulent 1 1 1 1 4 
Tomentose 0 0 0 0 0 
Total 1 1 5 2 9 
Old flow at 700 m 
Condition Genotype 
A B D Total 
Glabrous 17 2 4 23 
Puberulent 4 1 1 6 
Tomentose 5 0 0 5 
Total 26 3 5 34 
Old flow at 1660 m 
Condition Genotype 
A B C D Total 
Glabrous 5 11 0 0 16 
Puberulent 7 21 2 0 31 
Tomentose 4 9 0 1 14 
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DISCUSSION 
Evaluation of the Method 
A critical part of using isozyme analyses to determine clone size is the assessment 
of the adequacy with which individuals have been detected. It is possible that individual 
clones could be either undetected or overdetected. 
The number of individuals might be underestimated for two reasons. First, two 
individuals might vary at loci that were not examined, and thus individuals with truly 
different genotypes would not be distinguishable from these data (Ellstrand and Roose 
1987). Second, individuals arising from sexual reproduction may have identical genotypes. 
This is possible in all sexually reproducing taxa, and is more frequent in ferns as a result of 
their life cycle characteristics. Fern sexual reproduction differs from that of angiosperms in 
that pteridophytes alternate a potentially bisexual, free-living, haploid, gamete-producing 
plant known as the gametophyte, with a diploid, spore-producing plant, the sporophyte. 
Thus, three types of mating systems are possible: 1) intragametophytic selfing in which a 
single gametophyte produces the egg and sperni that fuse to form a zygote that is 
completely homozygous; 2) intergametophytic selfing in which different gametophytes 
produced from the same sporophyte produce the sperm and egg that form the zygote, a 
situation analogous to inbreeding in angiosperms; and 3) intergametophytic crossing in 
which different gametophytes produced from different sporophytes produce the egg and 
sperm, a situation analagous to outbreeding in flowering plants. 
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The number of individuals may be overestimated by using isozyme analyses if the 
individual clone has undergone somatic mutations. This possibility cannot be ruled out 
because at rates of 10"^ to 10'^ per locus per generation or lower, somatic mutations are as 
common as germ cell mutations (Harrison and Fincham 1964, Doorenbos 1977, Simmonds 
1979). As a result, clonal populations can exhibit substantial genet diversity (Silander 
1985a). 
We appraised the adequacy of our isozyme data for detecting individuals by 
comparing the number of clones per 0.5-ha site as determined by isozyme data with the 
number of clones at the only site where each clone was physically isolated, small, and 
distinguishable, i.e., the site on the young flow at 1660 m. There were either four or five 
spatially distinct clones on the young flow compared to a range of two to four genotypes 
determined by isozyme analysis at the other Mauna Loa sites. Thus, it does not appear that 
we overestimated the number of clones per site in our genotypic analyses. 
Although several of the clearly distinct clones on the young flow at 1660 m had the 
same genotype as those fi-om the adjacent old flow at that elevation, we are certain that the 
same individual did not vegetate both the young and old flow. Thus, we probably 
underestimated the number of individuals at these sites by using isozyme data. Our 
explanation for why the same individual could not occur on both the young and old flows 
is as follows. This species spreads vegetatively via superficially rooted rhizomes, with 
roots arising continuously along the rhizome. This species must be rooted in soil and 
cannot tolerate exposure of its roots. Much of the surface of the young flow at 1660 m is 
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bare lava rock, thus unsuitable for the fern's growth. Hence, the scenario of a clone from 
the old flow spreading across the bare rock onto the young flow, leaving no trace of the 
connection, is implausible. The more likely explanation is that the clones with the same 
genotype on the young and old flows are separate, although closely related, individuals. 
We hypothesize that the clones on the young flow arose from spores, possibly produced on 
sporophytes from the adjacent old flow, and not by vegetative reproduction. Consequently, 
the number of unique genotypes we identified per site can be viewed as the minimum 
number of clones, or parts thereof, per site. 
Number of Clones per Site 
We conclude that the vast expanses of Dicranopteris on Mauna Loa do not 
comprise a single individual, in contrast to what was found for bracken (Oinonen 1967). 
Rather, each 0.5-ha site is comprised of parts of at least two to four clones. The results of 
other studies indicate that in most natural populations, it is rare for a single clone to 
dominate a site (Sebens and Thome 1985, Ellstrand and Roose 1987, McClintock and 
Waterway 1993). 
Genotypic Diversity 
In Dicranopteris on the Mauna Loa sites, 12% of the loci were polymorphic. Thus, 
genetic diversity was relatively low compared with other ferns, where reported proportions 
of polymorphic loci range from a low of 6% (Ranker 1992a) to a high of 80% as in the 
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Hawaiian endemic, Adenophorus periens (Ranker 1992b). Nevertheless, we found that the 
0.5-ha sites on Mauna Loa were occupied by two to four unique genotypes. 
We compared the number of genotypes at several sites spanning most of 
Dicranopteris' range on Mauna Loa. To provide a common basis for comparison among 
sites, we counted the number of unique genotypes sampled around the perimeter and across 
the midline in the four out of five plots with nearly continuous fern cover. The number of 
genotypes varied from: four at 290 m; to two on the young and four on the old flow at 700 
m; and finally, three on the old flow at 1660m, the upper limit of the species' range. 
According to these data, there was little, if any, significant change in number of genotypes 
with respect to elevation or substrate age. We suggest that the differences among sites are 
simply the result of founder effects. 
The Mauna Loa isozyme data suggest a trend in the distribution of genotypes with 
respect to elevation. Genotype "A" occurs at all of the sites at the 700-m elevation and 
above, vwth "B", "C", "D", and "E" also occurring to a lesser extent in the upper 
elevational range, whereas genotypes "F", "G" and "I" occur exclusively at the lowest-
elevation site at 290 m. However, "G" and "I" occur at higher elevations, up to 1300 m in 
our limited sampling on Kilauea Volcano, thus not supporting the trend in genotypic 
distribution with respect to elevation. 
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Phenotypic Plasticity 
Our data suggested a complete lack of dependence of leaf pubescence on genotype. 
The only significant trend in leaf condition with respect to genotype found at one site was 
not confirmed at another site. Our findings lend strength to the current taxonomic 
treatment of the species as one, not two species (Wagner, Wagner, and Palmer in prep.). 
An interesting trend in these data was that the young-flow sites tended to have greater 
proportions of tomentose individuals, although the trend did not hold for the site at 1660-
m. On these primary successional sites, the young-flow sites have less aboveground 
biomass and soil accumulation than do the adjacent old-flow sites (Raich et al. in press). 
These data suggest that environmental rather than genetic factors may exert a greater 
control over this phenotypic characteristic. 
Colonization of a Site 
One striking result of this study was that even in this species that has a tremendous 
potential for vegetative growth, sexual reproduction appeared to be important in the 
colonization of a site. Two aspects of the data demonstrate this point. First, a single 
occurrence of genotype "D" was detected in the middle of the old flow at 1660 m whereas 
there were several scattered genotype "D" individuals on the adjacent young flow. The 
most parsimonious explanation is that the individuals on the young flow arrived as a resuh 
of spore dispersal from the old flow. Second, at both the 700- and 1660-m elevations, we 
found a unique genotype on the young flow that was not present on the adjacent old flow. 
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The young-flow individuals could not have arrived via vegetative spread, but rather must 
have germinated from dispersed spores. The spores appear to be quite vagile, that is, 
capable of being widely dispersed, as evidenced by the same genotypes, "G" and "I", 
occupying the lowest-elevation site on Mauna Loa, and higher- elevation locations ~35 km 
away on Kilauea Volcano. Ranlcer et al. (1994) discussed other lines of reasoning that 
support the idea that fern spores are quite vagile. 
Because of the unique mating system of fems, ferns reproducing via 
intragametophytic selfing are able to form completely homozygous zygotes, and thus carry 
no deleterious lethal genes. Thus, a lower limit of zero genetic load (the frequency of 
recessive lethals) is possible and can be related to the mating system. Lloyd (1974) related 
genetic load, in conjunction with gametophyte and gametangia ontogeny, chromosome 
studies, and analysis for apogamy and vegetative reproduction, to species' mating systems, 
and extrapolated fiirther to predictions of population variability and relationship to 
ecological habitat for a number of fems. For D. linearis in Hawai'i, he found that the mean 
(range) genetic load was 36.6% (20.0-65.0%), n = 60. These data, combined with his 
classification of the species' vegetation type as late pioneer through intermediate, but not 
mature forest, indicated that its mating system is intergametophytic, or an outcrossing 
system. Because this species possesses an outcrossing mating system (Lloyd 1974), more 
than one spore must become successfully established in order for breeding success to 
occur, in contrast to an inbreeding species. Thus, breeding success in an outcrossing 
species would be facilitated by mechanisms that disperse diaspores to and concentrate them 
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in germination sites; high vagility of diaspores would be an important mechanism for 
facilitating the former process (Ranker 1992). 
Dicranopteris has an outcrossing mating system on our sites as well. This is 
particularly noteworthy on the young-flow sites where at least three-quarters of the 
genotypes were produced via outcrossing. On the young-flow site at 1660 m, 78% of the 
clones genotypes were heterozygous. This implies that not only are sporophytes colonizing 
new flows via sexual reproduction following spore dispersal and gametophyte formation, 
but they are also often the result of outcrossing between two genetically distinct 
gametophytes. These findings are consistent with gametangia development that we 
observed in gametophytes cultured in the laboratory on peat (unpublished data). In most 
gametophytes, archegonia developed prior to antheridia and in very few gametophytes did 
they develop simultaneously. In general, in gametophytes that germinated subsequent to 
the archegonia-bearing gametophytes, only antheridia developed. 
For sexual reproduction via outcrossing to occur in ferns, the sperm from the 
antheridia of one gametophyte must swim to the egg contained in the archegonium of 
another gametophyte. It might seem highly unlikely that this could occur on these early 
successional sites where bare, smooth- to ropy-textured, black lava is overlain by little, if 
any organic matter. We did not investigate the naturally occurring early life stages of spore 
germination and gametophyte development in Dicranopteris on these sites. Therefore, we 
can only suggest the foliovwng explanation of how outcrossing might occur in these natural 
settings. The mechanistic basis for our explanation is that climate factors and favorable 
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microsite characteristics as well as species-specific characteristics converge to facilitate 
sexual reproduction on young, primary successional sites. Two aspects of the climate 
provide the means for dispersal of diaspores to suitable microsites for germination. First, 
the wind currents could easily transport diaspores all over the island. The gentle 
tradewinds move air in a southwesterly direction on the windward side of the island during 
the day island (Juvik and Nullet 1994). At night, the air flow reverses as the air cools and 
sinks. In addition, tropical storms and other meterological events add variety to the air­
flow patterns. All of the wind-flow patterns combine to yield a potential to disperse spores 
anywhere on the island. Second, rainfall is prodigious, ranging from 2500 to 6000 mm/yr. 
Thus, the wind and the enormous amounts of rain provide the vehicle for spore dispersal. 
We suggest that cracks between the great slabs of lava in young primary successional sites 
are the microenvironments that are most suitable for germination and gametophyte 
development. This is evidenced by the fact that all of the small clones of sporophytes on 
the young-flow site at the 1660-m elevation were rooted in lava cracks where organic 
matter had accumulated, and not on bare lava slabs. The cracks are generally situated in a 
lower topographical position with respect to the lava slabs that surround them. Thus, while 
the wind and the enormous amounts of rain provide the vehicle for spore dispersal, gravity 
is ultimately the driver that funnels spores firom all of the surrounding inhospitable 
microenvironments, and thus concentrates spores in the most suitable microsites for 
establishment. In addition, Dicranopteris sporangia are deciduous. If the entire 
sporangium is dispersed, this could provide a simple means for concentrating spores at the 
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germination site. The concentration of gametophytes in favorable microhabitats would 
then facilitate success in outcrossing. 
Conclusions 
Despite the fact that Dicranopteris linearis exhibits a high degree of morphological 
plasticity on windward Mauna Loa, its genetic diversity is quite low, and seemingly 
unrelated to its phenotypic variation in leaf pubescence. Phenotypic variability is perhaps 
related more to environmental factors. For example, other aspects of its morphological 
plasticity are strongly correlated with its foliar nitrogen content, an indicator of available 
soil nitrogen (Russell et al. in prep.). High phenotypic plasticity in this species may confer 
increased fitness and thus, compensate for low genetic diversity. The clones of 
Dicranopteris on Hawai'i are small compared to a reported size for bracken (Oinonen 
1967): we found that each 0.5-ha site was composed of a minimum of two to four clones. 
We have no strong evidence that genetic diversity varied in any systematic way with 
respect to the location within its range, hence so suggestion that ecotypes exist. One 
explanation for the lack of obvious ecotypic variability is that gene flow is high in this 
species and that it is equally well-adapted to the range of climatic conditions where it 
grows. 
The majority of Dicranopteris clones on the Mauna Loa young successional sites 
were the products of sexual reproduction via outcrossing. Although it might seem highly 
unlikely for outcrossing to occur in ferns on barren lava substrates, we hypothesize that 
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wind and rain are the vehicles, and gravity is the driver that concentrates sporangia in the 
suitable lava-crack microenvironments. In addition, this species has such a strong potential 
for vegetative reproduction that it may require as few as two to four successful matings 
over ~100 years in order for the fern to vegetate 80% of the understory in a 0.5-ha site. 
Thus, the interplay of sexual and vegetative reproduction is quite important in this species. 
Sexual reproduction is extremely important in the initial colonization of a primary 
successional site. However, a large proportion of the area on the young successional sites 
is probably unsuitable for successful gametophyte establishment. As a result, this species 
relies heavily on vegetative growth to complete the task of covering vast expanses of the 
landscape. Its own extensive vegetative growth may even preclude any further 
establishment of its ovra gametophytes. Many explanations are possible for the fact that 
our old-flow sites did not contain any more genotypes than did the young-flow sites. Based 
on the fact that we did not observe any gametophytes at these 136- and 3400-yr-old 
primary successional sites, we suggest that no new sexual reproduction has occurred since 
the initial establishment and competition phase early in succession, i.e., successful sexual 
reproduction had not occurred on the old-flow sites over the last ~3300 years. Such a low 
rate of sexual reproduction might explain in part the species' low genetic diversity. 
Another part of the explanation may be that this fern's genetic composition may already be 
extremely well tailored to achieving the vegetative growth form upon which the species 
relies in order to complete the colonization of a site. 
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GENERAL SUMMARY 
Attributes of a Dominant Species 
On windward Mauna Loa, Hawai'i, the growth form of Dicranopteris linearis is 
characterized by indeterminate rhizomatous growth, indeterminate and dichotomously 
branching leaf growth, highly plastic morphology, aboveground mat-formation, shallow 
rootedness, and marcescent leaves, i.e. lack of abscision upon death. This species has low 
net assimilation rates, and in general, these rates are equal to or lower than the rates of its 
co-dominants. Dicranopteris' light-response characteristics indicate that it is shade 
intolerant. The lifespan of most Dicranopteris leaf segments is short, <1 year, compared to 
the leaves of the overstory dominant, Metrosideros polvmorpha. Dicranopteris' nitrogen 
use efficiency (NUE) is very high, similar to most of its co-dominants; however, its 
extremely high phosphorus use efficiency (PUE) is higher than that of its co-dominants. 
The combination of these characteristics resuhs in a species that is imiquely well-suited for 
and highly competitive in colonizing sites characterized an open canopy, low soil fertility, 
and intermittently waterlogged soils. These attributes are typical of the early successional 
and post-die-back sites on the pahoehoe lava in windward areas of Hawai'i. 
Genetic diversity in this species is low, despite the fact that the species 
demonstrates a high degree of morphological plasticity; of the 32 putative loci 
investigated, only four were variable, with two to three alleles per locus. Over the 17 study 
locations on Mauna Loa and Kilauea Volcanoes, we identified nine unique multilocus 
genotypes based on the unique combinations of allozymes. Seven of the nine genotypes 
177 
were heterozygous for at least one locus, indicating that they were the result of outcrossing. 
Genetic diversity did not vary in a systematic way with respect to elevation or substrate age 
over the range of sites on Mauna Loa and Kilauea. Each 0.5-ha site on Mauna Loa was 
comprised of a minimum of two to four clones. Sexual reproduction via outcrossing was 
the predominant means of reproduction that produced viable sporophytes during the initial 
colonization of young, primary successional pahoehoe lava flows on Mauna Loa. 
The Role of Dicranopteris in Hawaiian Rainforests 
Dicranopteris plays an important role in ecosystem-level processes that is 
disproportionate to its mass. This single species contributes up to 74% of the aboveground 
net primary productivity (ANPP) whereas it contains only 0 to 14% of the mass. This 
species accoimts for 57% and 47% of the nitrogen and phosphorus uptake, respectively, 
while it contains only up to 24% and 13% of the respective masses of the two elements. Its 
decomposition rates are low compared to most tropical species, even at low-elevation sites 
with relatively high mean annual temperatures and rainfall. Therefore, Dicranopteris is an 
important contributor to soil detrital pools. In these young primary successional sites 
where the pahoehoe lava substrate has undergone little weathering, plant detritus is the soil. 
Therefore, this species exerts an important influence on ecosystem development via its 
effects on soil genesis. Potential asymbiotic nitrogen fixation rates on Dicranopteris litter 
are very low compared to other inputs such as rainfall, but in these nitrogen-starved sites, 
any net inputs of nitrogen may be important to the nitrogen economy of the ecosystem. 
178 
Three years after excluding Dicranopteris on a young-flow site at 290 m, 43% of 
the understory cover was still bare soil or litter. Therefore, Dicranopteris may be the only 
native species that is so uniquely well-suited for colonizing and spreading vegetatively 
under the relatively harsh environmental conditions present on young successional and old 
post-dieback sites on pahoehoe lava. Non-native species are the most likely candidates for 
filling the void left by Dicranopteris' absence. Although Dicranopteris competes with 
Metrosideros polvmorpha. the dominant tree, the two species have done so for at least the 
last 18,000 years and presumably, are adapted for competition. Given Dicranopteris' low 
nutrient demands and low storage of nutrients in its biomass relative to many species, 
Metrosideros stands to fare worse from competition with exotic species. Therefore, 
Dicranopteris' most important role may be that of resisting the invasion of exotic species 
into the last of the unique Hawaiian rainforest ecosystems. 
Overall Significance 
Ecosystems ecologists are often faulted for disregarding the effects of species and 
their biological properties. In fact, the neglect is often intentional, with the reason given 
that functional properties of the ecosystem are better understood through holistic studies of 
systems rather than through species biology studies (O'Neill et al. 1977). At the other 
extreme, detailed studies of the biology of a species tend to focus on minute details. 
However, researchers are rarely able to address the influence of the species at the 
ecosystem level from species biology studies alone, primarily because the ecosystem-level 
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influence is not merely a sum of the biological properties of the species. This study, 
conducted in a relatively rare research situation, addresses the relative importance of a 
single native plant species by integrating information from both the species-biology and the 
ecosystem perspective. Cause and effect, in terms of the effect of the species on the 
ecosystem, cannot be distinguished in many aspects of this study. Nevertheless, there is 
strong evidence that for this species in these ecosystems, especially those at low elevations 
and in post-dieback rainforests, species-specific biological characteristics shape ecosystem 
structure, and ultimately drive ecosystem-level dynamics. 
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